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INTRODUCTION 


Statement  of  Problem 

Satellites  and  other  exoatmospher ic  systems  are 
subject  to  various  radiation  effects  due  to  natural  and 
manmade  environments  which  result  in  the  generation  of 
localized  electromagnetic  conditions.  These  conditions 
can  disrupt  normal  electronic  system  functions.  One 
effect,  known  as  System  Generated  Electromagnetic  Pulse 
( SGEMP )  results  from  X-ray  interactions  with  the 
materials  comprising  the  system.  The  source  term 
generating  the  SGEMP  environment,  given  a  photon  source 
of  known  intensity  and  energy  distribution,  is  the  X-ray 
induced  emission  of  electrons  from  external  and  internal 
surfaces  of  the  system.  To  accurately  calculate  the 
electromagnetic  environment,  the  emitted  electrons  must 
be  characterized  in  terms  of  their  yield  and  energy 
■'istribution  as  a  function  of  emission  angle.  This 
characterization  is  required  as  a  function  of  emitting 
material,  photon  energy,  and  various  angles  of  photon 
incidence.  An  understanding  of  and  a  solution  to  the 
SGEMP  problem  must  therefore  begin  with  quantitative 
understanding  of  the  X-ray  induced  electron  emission. 
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sequence  of  Events  Leading  to  Electron  Emission 

A  beam  of  photons  characterized  by  the  number  of 
photons  of  given  energy  per  unit  time  per  unit  area 
impinges  on  a  target.  The  properties  of  the  material, 
i.e.,  the  cross  sections  for  various  types  of 
interactions  with  electromagnetic  radiation,  and  the 
incident  flux  determine  the  reaction  rate  within  the 
material.  The  energy  of  the  incident  photons  and  the 
appropriate  cross  sections  determine  the  depth  at  which 
an  interaction  takes  place  and  the  type  of  interaction 
through  the  relative  magnitudes  of  the  cross  sections 
for  the  interactions  possible.  The  specific  interaction 
then  determines  the  initial  conditions  for  the  residual 
particles.  Principal  photon-material  interactions  which 
produce  electrons  are  (Fig.  1)  : 

a.  Photoelectric  interactions  with  a  "bound" 
electron 

b.  Compton  interactions  with  "free"  electrons 

c.  Pair  production  interactions  with  the  Coulomb 
field  of  a  charged  particle 

Residual  photons  will  have  additional  interactions 
determined  by  their  energy  and  the  material  properties 
until  they  are  absorbed  or  escape.  Primary  electrons 
generated  by  the  photon  interactions  undergo  various 
types  of  collisions,  likewise  determined  by  their  energy 
and  the  characteristics  of  the  material.  Subsequent 
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PHOTONS 

X  ray  Source;  Fluorescent  x  rays 
Compton  Photons,  Brerasstranlung 
Annihilation  • 


Photon  Interactions 


FIGURE  1.  Electron  Emission  Interactions 
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transport  of  these  electrons  to  a  surfacef  with 
intervening  deflections  and  energy  losses  determine 
their  emission  characteristics  in  terms  of  the  number, 
energy  and  angular  distribution.  The  principal  electron 
interactions  are  elastic  and  inelastic  collisions  with 
target  nuclei  and  atomic  electrons.  Residual  particles 
from  these  interactions  are  generally  the  initial 
electron  degraded  in  energy  deflected  from  its  original 
path  plus  secondary  electrons  resulting  from  ionization, 
b remsstrahlung  in  turn  results  from  nuclear  inelastic 
electron  collisions. 

For  the  X-ray  energy  range  of  interest  for 
satellite  SGEMP  effects,  the  primary  interactions  are 
the  photoelectric  and  Compton  effects,  subsequent 
generation  of  Auger  electrons  and  electron  scattering 
processes. 


Theoretical  Model 

A  simple  empirical  model  for  X-ray  induced  electron 
emission  has  been  proposed  [1]  which  develops  the  major 
features  of  the  emission  process.1  It  accounts  for 
emission  yield  contributions  from  photoelectrons,  Auger 

1The  experimental  results  will  be  compared  primarily 
with  QUICKE  2M,  a  state-of-the-art  analytical  code 
currently  used  for  electron  emission  calculations. 
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and  secondary  (knock-on)  electrons,  defines  an  expected 
angular  dependence  and  predicts  the  electron  energy 
distribution.  The  model  will  predict  reverse  emission 
of  electrons  from  a  vacuum/material  interface  exposed  to 
an  arbitrary  fluence  of  X  rays.  Four  simplifying 
assumptions  are  made:  (1)  the  electrons  are  generated 
with  uniform  density  in  the  exposed  material  with  the 
photoelectron  source  densities  given  by  $>u/cosa  where  4> 
is  the  X-ray  fluence  at  the  surface,  u  is  the 
photoelectric  linear  absorption  coefficient  and  a  is  the 
angle  of  incidence  of  the  X  rays  with  respect  to  the 
surface  normal;  (2)  the  electrons  propagate  i- 
sotropically  from  their  point  of  origin;  (3)  electrons 
in  the  material  travel  their  mean  forward  range, 
determined  by  their  energy  at  birth,  in  straight  lines 
and;  (4)  the  electrons  lose  energy  continuously 
according  to  an  effective  stopping  power  approximately 
twice  the  ordinary  stopping  power.  This  assumption  is 
based  on  the  observation  in  some  materials  that  the  mean 
forward  range  is  approximately  one  half  the  mean  path 
length  (comparable  to  the  continuous  slowing  down 
approximation  range);  and  that  dE/dx  is  relatively 
material  independent  for  electron  energies  of  a  few  keV 
to  several  hundred  keV. 


FIGURE  2.  Photoelectric  Yield  Model  Geometry 


With  reference  to  Fig.  2  the  contribution  to  the 
yield  coming  from  a  primary  photoelectron  created  by  an 
X  ray  of  energy  hv  in  a  unit  volume  dv  at  slant  range  r 
and  angle  6  is 

dy  _  p(hv)  cos6 
dv  cosa  4iTr2 

In  this  equation  u(hv)/cosa  is  the  source  density  per 
photon  interacting  in  dv  and  cos0/4iTr2  represents  the 
angular  distribution  of  electrons  leaving  the  surface  at 
angle  0  from  an  isotropic  source  at  range  r.  The  unit 
volume  dv  can  also  be  written  as  r2dftdr;  hence  the 
differential  yield  can  be  expressed  as 


dy  _  u(hv)  cos6 


(2) 


dftdr  cosa  4 tt 

The  differential  yield  per  unit  energy  and  unit  solid 
angle  is  then 


dy  _  u(hv)  cos6  / dE 

dftdE  cosa  4 rr  \dr 

Integration  of  equation  3  over  angle  to  obtain  the 
electron  energy  spectrum  gives 

=  M(hv)  /dE\-1  (4) 

dE  4cosa  \dr/ 

The  equations  were  developed  for  primary  photoelec¬ 
trons.  However,  the  same  energy  and  angle  distributions 
apply  to  the  Auger  and  secondary  electrons.  The  Auger 
electrons  result  from  atomic  de-excitation  after 
photelectron  ejection  and  the  secondaries  arise  from 
collisions  of  the  primary  photoelectrons  and  Auger 
electrons  with  atomic  electrons.  Their  contribution  to 
the  emission  yield  is  determined  by  the  efficiency  with 
which  they  are  created  in  the  target  material  and  the 
limits  of  their  energy  distribution  determined  by  the 
energies  they  obtain  at  birth.  The  total  yield  of 
emitted  electrons  from  this  model  is  the  sum  of  the 
individual  contributions  from  photo,  Auger  and  secondary 
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electrons . 


The  energy  distribution  is  obtained  by 


superposition  of  the  individual  distributions. 

The  major  features  of  X-ray  induced  electron 
emission  predicted  by  this  model  are:  (1)  the  angular 
distribution  of  emitted  electrons  per  unit  solid  angle 
is  proportional  to  cos0;  (2)  the  shape  of  the  energy 
distribution  is  independent  of  angle;  (3)  since  the 
range  of  electrons  in  many  materials  is  proportional  to 
E2 ,  the  yield  distribution,  (equation  4),  will  be 
proportional  to  E,  that  is,  a  simple  triangular  dis¬ 
tribution;  and  (4)  for  angles  of  X-ray  incidence  other 
than  a  =  0f  the  yield  increases  as  1/cosa.  The  model  does 
not  treat  Compton  interactions  nor  low  energy 
secondaries,  but  does  include  the  primary  elements  of 
electron  emission  resulting  from  photoelectric 
interactions. 


Summary  .Qf.Jixia.tinq  Information 

The  characteristics  of  electrons  emitted  from 
materials  exposed  to  X  rays  have  been  the  subject  of 
intense  investigation  since  Roentgen's  discovery  of  X 
rays  in  the  late  1800's.  Much  of  this  work  has  been 
focused  on  experiments  which  yield  information  on  the 
details  of  the  interactions  of  the  photons  with 
individual  atoms  to  clearly  define  the  cross  sections 


for  the  various  interactions  taking  place.  By  analyzing 
the  products  of  the  interactions,  i.e.,  the  residual 
particles,  the  nature  of  the  encounter  can  be  inferred 
and  the  fate  of  the  initial  particles  established. 
Experiments  performed  for  this  purpose  were 
intentionally  designed  to  minimize  effects  such  as 
multiple  scattering  of  the  primary  electrons  so  that  the 
details  of  the  individual  interactions  would  not  be 
masked.  It  is  precisely  these  effects,  however,  that 
determine  the  characteristics  of  the  electron  emission 
that  are  investigated  in  this  experiment. 

Prior  to  the  early  1970's  the  bulk  of  the 
experimental  work  had  been  directed  at  the  measurement 
of  individual  features  of  photon- induced  electron 
emission  of  importance  to  specific  problems. 
Independent  measurements  were  made  to  determine  emission 
yield  or  energy  distribution  or  angular  distributions 
for  given  source  conditions  and  target  materials.  For 
example  the  Soviet  work  in  the  early-to-mid  1960's 
[2,3,4,51  concentrated  on  measurements  of  total  yield, 
energy  and  angular  dependence  of  emission  from  various 
cathode  materials  exposed  to  X  rays  in  ionization 
chamber  and  spherical  condensors.  X  rays  used  in  these 
works  were  "monochromatic",  obtained  by  selective 
filtration  of  continuous  bremsstrahlung  spectra.  (The 
discrete  X-ray  energies  covered  a  range  of  4-28  keV)  . 
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These  results,  corroborated  by  later  experiments  [6], 

gave  relative  numbers  of  primary  photoelectrons,  Auger 

electrons  and  secondary  electrons  emitted  from  the 

materials  studied.  Later  Soviet  work  [7]  gave 

experimental  evidence  for  the  cosine  behavior  of 

emission  yield  and  the  relative  angular  independence  of 

2 

the  emission  spectrum  on  emission  angle. 

The  problem  of  interest  to  the  satellite  community 
required  corroboration  of  the  Soviet  experimental  data, 
an  expansion  of  the  data  base  to  a  wider  variety  of 
materials  and  validation  of  the  various  computer  codes 
which  can  be  used  to  predict  electron  emission.  Toward 
this  goal,  just  prior  to  design  and  development  of  the 
magnetic  spectrograph  system  employed  in  this  work, 
Bradford  [8]  performed  a  series  of  measurements  on 
aluminum,  copper,  tantalum,  and  molybdenum  employing  an 
electrostatic  analyzer.  The  targets  were  placed  in  an 
evacuated  chamber  and  irradiated  with  a  collimated  beam 
of  bremsstrahlung  X  rays  from  a  tungsten  anode  source 
operating  at  50kV  potential.  Two  different  X-ray 
spectra  were  employed,  determined  by  the  presence  or 
absence  of  a  thick  aluminum  filter.  Electrons  were 
measured  in  1  keV  energy  intervals  from  approximately  3 


The  cathode  materials  investigated  in  references  2 
through  7  included  Al,  Cr,  Fe,  Co,  Cu,  Ag,  Sn,  Te,  Ta, 
W,  Pb  and  Bi. 


keV  up  to  50  keV.  A  variable  source/target/detector 
geometry  permitted  a  determination  of  angular 
dependence.  The  initial  data  (originally  in  error  as  a 
result  of  a  calibration  source  saturation  problem)  were 
revised. ^  This  work  was  later  augmented  by  an  ex¬ 
perimental  determination  of  the  dependence  of  the 
emission  properties  on  X-ray  angle  of  incidence  1 9 ] . 

In  1974  Dolan  [10]  published  the  results  of 
bremsst r ahlung  X-ray  induced  electron  emission  from 
aluminum,  copper,  silver  and  tantalum.  Various 
accelerating  voltages  and  filt.r  combinations  were 
employed  to  provide  X-ray  spectrum  variations.  Two 
configurations  common  to  Bradford's  measurements  were 
used  for  comparison.  The  experiment  used  lithium 
drifted  solid  state  devices  to  detect  electrons  of 
energy  greater  than  5  keV.  Variable  positioning  of  the 
detector  permitted  determination  of  the  emission  yield 
angular  dependence.  The  measurements  of  Bradford  and 
Dolan  have  been  used  as  primary  sources  of  experimental 
data  for  comparisons  with  computer  code  predictions  of 
X-ray  induced  electron  emission. 

A  number  of  computer  codes  have  evolved  with 
capabilities  of  predicting  X-ray  induced  electron 

^The  revision  was  documented  as  a  26  December  1972 
addendum  to  Air  Force  Cambridge  Research  Labs  Physical 
Sciences  Research  Paper  510. 
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emission.  Their  genesis  has  followed  one  of  two  primary 
paths  (see  Table  1)  .  The  more  complex  detailed  codes 
have  been  built  on  the  Monte  Carlo  technique  employed  by 
Berger  and  Seltzer  in  the  ETRAN  (electron  transport) 
family  of  codes  1113.  Codes  of  this  type  e.g.,  SANDYL 
(123  include  primary  and  secondary  photon  interactions 
and  primary  and  secondary  electron  interactions. 
Primary  and  secondary  electrons  are  treated  with  single 
and  multiple  scattering  techniques  in  the  Monte  Carlo 
codes.  On  the  other  hand  the  analytical  codes  (e.g.,  RDA 
model  [13  and  QUICKE  2  (133)  use  simple  exponential 
attenuation  for  X-ray  interactions  and  transport,  and 
approximations  (effective  electron  stopping  power)  or 
exact  solutions  to  transport  equations  for  electron 
interactions.  The  analytical  codes  ignore  secondary 
photons  and  electrons  and  their  subsequent  interactions. 
Another  code,  POEM  [143,  is  a  composite  employing 
analytical  treatment  of  photon  transport  and  condensed 
Monte  Carlo  treatment  of  the  electrons.  Improved 
versions  of  this  code  include  secondary  photon  and  e- 
lectron  interactions.  A  common  deficiency  of  all  these 
codes  is  their  inability  to  predict  the  emission 
characteristics  of  low  energy  electrons.  Although  these 
codes  are  "forced"  to  run  at  energies  as  low  as  1  keV, 
their  low  energy  cut-off  is  typically  in  the  5-10  keV 
region.  This  deficiency  is  a  result  of  poorly  known 
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Table  1.  Code  Characteristics 
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-Shell  Ionization  Potential  J  Elastic  or  Inelastic  Scatterina 

o  i  n  7 


X-ray  and  electron  interaction  cross  sections  at  these 
low  energies  as  well  as  the  complications  introduced  by 
the  dominance  of  multi-scattering  processes  at  low 
energy  for  the  primary  and  secondary  electrons. 

Other  measurements  and  comparisons  with  code  predic¬ 
tions  have  been  made  on  materials  and  at  photon  energies 
outside  the  range  of  interest  for  the  satellite 
applications  [15,16,17].  These  experiments  have  often 
employed  MeV  photon  energies  typical  of  medical 
diagnostic  equipment  and  have  studied  the  distribution 
of  electrons  emitted  from  bone,  lead  (source  shielding) 
and  lucite  to  determine  tissue  dose  distributions.  In 
addition  Bernstein  [18,19]  has  performed  a  series  of 
measurements  employing  pulsed  and  steady  state  sources 
of  extremely  low  energy  X  rays  <<5  keV)  to  determine 
emission  characteristics  of  various  conducting  and 
nonconducting  materials  using  a  plasma  radiation  source. 


Specific 

The  specific  objective  of  this  experimental  work  is 
to  develop  and  employ  a  technique  to  measure  directly 
the  yield,  energy  distribution  and  angular  distribution 
of  X-ray  induced  electron  emission  from  various 
materials.  Experimental  results  will  be  compared  with 
previous  measurements,  where  they  exist,  and  with 
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analytical  predictions  where  predictive  capability 
matches  the  measurement  range. 

The  measurement  instrument  has  been  designed  and 
fabricated  to  make  simultaneous  determination  of 
electron  emission  yield  and  energy  distributions  at  four 
discrete  emission  angles,  markedly  increasing  the 
efficiency  of  data  accumulation  relative  to  other 
techniques.  Its  configuration  is  adaptable  to  measuring 
both  forward  and  reverse  emission  (relative  to  the 
direction  of  incident  X  rays)  over  a  limited  range  of 
X-ray  incidence  angles.  Measurements  presented  here  are 
limited  to  reverse  emission  from  normal  incidence  X 
rays,  a  condition  of  fundamental  importance  in 
understanding  electron  emission  characteristics. 
Extension  of  the  electron  energy  range  over  which  these 
measurements  are  made  allows  i nte r compa r i son  with 
existing  data,  but  more  importantly,  the  determination 
of  yield  below  a  few  keV  provides  an  experimental  data 
base  previously  missing.  This  experimental  information 
is  important  for  comparison  with  analytical  calculations 
to  determine  the  validity  of  the  various  computer  codes 
which  are  presently  used  to  predict  electron  emission  as 
a  first  step  in  calculating  SGEMP  response.  Limited 
predictive  capability  of  available  codes  at  X-ray  and 
electron  energies  below  a  few  keV  contribute  to 
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unacceptably  large  uncertainties  in  response 
calculations. 

Data  for  materials  of  particular  interest  to 
satellite  applications  have  been  included  in  these 
measurements.  The  dielectrics  studied  represent  an 
important,  widely  used  class  of  materials  which  have 
received  inadequate  attention  in  previous 
investigations. 


Experimental  Approach 

The  experimental  technique  is  based  on  magnetic 
analysis  of  the  energy  of  the  emitted  electrons.  The 
analysis  is  done  in  a  semicircular  magnetic 
spectrograph,  configured  to  define  specific  emission 
angles  relative  to  the  direction  of  the  incident  photon 
beam  and  surface  normal  of  the  target.  Target  materials 
are  placed  in  the  beam  to  obtain  the  emission 
characteristics  at  normal  incidence.  Emission  yields 
are  measured  in  terms  of  the  number  of  electrons  of 
energy  E  at  selected  emission  angles  @k  for  specified 
conditions  of  target  material  and  orientation  relative 
to  the  photon  beam.  Measurements  are  made  using  a 
photon  source  of  known  intensity  and  energy 
distribution. 
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The  photons  are  generated  by  a  constant  potential 
industrial  radiographic  X-ray  unit  employing  a  tube 
rated  at  2.5  kw  at  100  kV  potential.  The  tube  contains 
a  tungsten  anode  and  X  rays  exit  through  a  beryllium 
window.  X-ray  flux  and  energy  spectrum  are  measured  by 
a  Nal  scintillation  detector  in  conjunction  with  a 
multi-channel  analyzer.  The  materials  to  be 
investigated  are  placed  in  the  evacuated  spectrograph 
body  with  the  collimated  X-ray  beam  entering  through  a 
thin  Mylar  window.  Vacuum  conditions  are  maintained  by 
a  mechanical  roughing  pump  and  a  gas  absorption  pump. 
The  variable  magnetic  field  required  for  energy  analysis 
of  the  emitted  electrons  is  established  by  an 
electromagnet  enclosing  the  spectrograph  body. 
"Windowless"  helical  channel  electron  multipliers 
(Channeltrons  or  CEM)  are  used  in  the  pulse  saturation 
mode  as  electron  counters.  The  output  of  these  de¬ 
tectors  is  fed  through  amplifiers  to  scalers.  (This 
experimental  setup  is  shown  schematically  in  Fig.  3) . 

The  X-ray  source  generates  a  b r emsst r ahl ung 
spectrum  with  a  maximum  energy  variable  from  25  keV  to 
100  keV.  Instrument  calibration  permits  reliable 
detection  of  electrons  in  the  energy  range  100  eV  to  a 
few  hundred  keV.  Data  are  obtained  by  counting  for  a 
predetermined  period  at  a  given  magnetic  field  strength 
for  a  number  of  field  intensities.  The  electron  energy 
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FIGURE  3.  Experimental  Setup 


spectrum  is  constructed  in  a  stepwise  fashion.  The 
targets  were  thick  compared  to  the  range  of  the  most 
energetic  electrons  created  by  the  X-ray  interactions. 
Investigation  of  backward  emission  under  these 
conditions  maximizes  the  effect  on  the  yield  due  to 
multiple  scattering  events.  Representative  metals 
investigated  for  backward  emission  characteristics  were 
magnesium,  aluminum,  copper,  tantalum  and  lead. 
Measurements  were  also  made  on  the  following  materials 
used  extensively  in  satellite  construction:  Mylar, 
silica  cloth  (external  thermal  blanket),  SiC>2  (solar 
cell  cover  glass)  ,  Kevlar  (antenna  dishes) ,  conducting 
and  nonconducting  epoxies  (structural  members)  and  a 
conducting  paint  (thermal  control  surface)  . 

The  remainder  of  the  dissertation  describing  this 
effort  is  organized  as  follows:  Section  II  details  the 
spectrograph  design  and  describes  experimental 
equipment.  Section  III  discusses  instrument 
calibration.  Section  IV  contains  the  experimental 
results  and  Section  V  concludes  with  interpretation  of 
results,  comparisons  with  existing  data  and  a  summary. 


SPECTROGRAPH  DESIGN 


Basic  instrument 

Basic  design  parameters  and  theory  of  standard 
semicircular  magnetic  spectrographs  are  described  by 
Siegbahn  [20].  In  its  simplest  form,  such  a  device 
consists  of  a  source  of  energetic  charged  particles, 
defining  slits  which  define  a  beam  of  particles  in  the 
plane  of  the  spectrograph,  deflecting  magnets  producing 
a  field  perpendicular  to  the  particle  trajectories  and  a 
means  of  detection  arranged  in  such  a  way  that  particles 
in  the  beam  with  equal  radii  of  curvature  in  the 
magnetic  field  will  be  focused  on  the  detectors  after 
traversing  a  semicircular  path.  Depending  on  the  ap¬ 
plication  intended,  such  devices  can  be  made  for 
high-resolution  beta  spectrometry  or  other  charged 
particle  analysis.  Various  detectors  can  be  employed 
(photographic  plates,  nuclear  emulsions,  GM  tubes,  solid 
state  detectors,  photo  multipliers,  Faraday  cups,  etc.) 
and  several  operating  configurations  (relative  locations 
of  source  and  detector)  are  possible.  The  basic 
advantages  of  the  single  focusing  semicircular 
spectrometer  are  simplicity  of  design  and  operation, 
accuracy  of  magnetic  field  control  and  measurement, 
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adaptability  to  various  detector  types  and  ease  of 
calibration. 

The  fundamental  scalar  equation  governing  the 
behavior  of  electrons  in  the  constant  magnetic  field 
region  of  the  spectrograph  is 


(5) 


where  m  is  the  relativistic  mass  of  the  electron,  p  the 
radius  of  curvature  of  the  electron  trajectory,  q  the 
electronic  charge,  v  the  velocity  component  in  the  plane 
of  the  spectrograph  determined  by  the  electron  kinetic 
energy  upon  emission  from  the  surface  of  the  source  and 
B  is  the  uniform  magnetic  field  perpendicular  to  the 
spectrograph  plane.  Based  on  Fig.  4,  two  important 
quantities  describing  performance  parameters  of  a 
semicircular  spectrograph  with  a  finite  source  of  width 
s  are  as  follows: 


R  =  —  +—  (6) 

2p  2 

a  -  (7) 

TT 

These  quantities  are  strictly  determined  by  the 
instrument  geometry  and  can  be  determined  by  simple 
physical  measurement.  The  resolution  can  be  readily 
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confirmed  by  calibration  measurements  with  appropriate 
sources.  The  base  resolution  R°  determines  the  range  of 
acceptable  values  of  p  (at  fixed  B)  which  can  be 
detected  by  the  instrument.  The  spread  in  the  Bp  values 
(ABp)  divided  by  Bp0  is  the  momentum  resolution  of  the 
device.  For  instruments  with  fixed  geometry  in  which 
the  magnetic  field  is  a  variable,  the  momentum 
resolution  is  a  constant.  ft  defines  the  solid  angle 
determined  by  the  height  and  width  of  the  defining  slit. 
Since  the  slit  openings  are  normally  small  compared  to 
the  electron  path  length  from  the  source  to  the  slits, 
the  area  defined  by  the  aperture  is  approximately  4^ 2  4>v 
where  JL  is  the  path  length  to  the  aperture  and  2  4>  and  2ip 
are  the  horizontal  and  vertical  angular  apertures, 
respectively.  The  fraction  of  the  total  4tt  solid  angle 
is  then  given  by  equation  7. 

Modifications.  fan.  yield,  Emission-Angle-. .anti  .Energy 
Determination 

The  instrument  used  in  these  measurements  is  an 
adaptation  of  a  semicircular  magnetic  spectrograph.  The 
coordinate  system  used  to  describe  the  trajectories  of 
the  electrons  within  the  spectrograph  is  shown  in  Fig. 
5.  The  target  is  represented  by  the  rectangle  in  the 
X,Z  plane  at  the  origin  of  the  coordinate  system  with  n 
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defining  the  surface  normal.  Electrons  are  emitted  with 

■> 

a  velocity  vector  vg  forming  angle  ip  with  respect  to  the 
plane  of  the  spectrograph  (X,Y  plane)  and  whose  com¬ 
ponent  in  the  spectrograph  plane  forms  angle  0  with 
respect  to  n.  Electron  trajectories  with  radius  of 
curvature  p0  are  described  in  the  plane  of  the 
spectrograph  as  determined  from  equation  5  by  |vp|  and 
the  magnitude  of  the  magnetic  field  |Bz|  perpendicular 
to  the  plane  of  the  spectrograph. 

The  fundamental  adaptation  to  the  basic  design  was 
to  define  four  separate  channels  viewing  different 
emission  angles  relative  to  the  target  normal.  This  was 
done  by  locating  defining  slits  (primary  and  secondary) 
and  detectors  for  each  emission  angle  6  in  accordance 
with  Fig.  6.  From  this  figure,  it  is  seen  that  in  terms 
of  emission  angle  in  the  plane  of  the  spectrograph, 
coordinates  x^,y^  (an  edge  of  a  defining  slit)  and  a 
radius  of  curvature  p  of  a  trajectory  passing  through 
(0,0)  and  (X,Y) , 


p2  =  X2  +  Yz  (8) 

D  cl 

Y  =  Y  +  psinO  (9) 

cl 

X^  =  pcosO  -  X  (10) 
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Table  2.  Primary  and  Secondary  Slit  Parameters 


and 


tana  =  —  (11) 

X 

These  equations  reduce  to 

/ y  2  ,  y2  i  3 

cos  ( 0  +  a )  = -^ - -±-  (12) 

2p 

Angular  acceptance  bands  as  a  function  of  p  and  the  co¬ 
ordinates  of  the  primary  and  secondary  defining  slits 
can  now  be  calculated  from  equation  12.  Table  2  gives 
the  primary  and  secondary  defining  slit  parameters,  and 
Table  3  contains  the  angular  acceptance  band  parameters 
for  source  locations  corresponding  to  the  finite  extent 

of  the  target,  the  value  of  16  and  the  area  of  the 

max 

acceptance  bands.  Fig.  7  shows  the  predicted  acceptance 
bands  for  a  source  located  at  (0,0).  The  acceptance 
bands  are  obtained  from  equation  12  by  plotting  the 
values  of  9  as  a  function  of  p  for  specific  locations  of 
primary  and  secondary  defining  slits.  The  line  marked 
Py  is  determined  by  the  upper  edge  of  the  primary,  PL  is 
determined  by  the  lower  edge  of  the  primary  and  and 
SLby  the  corresponding  edges  of  the  secondaries. 
Notice  the  anticipated  response  curve  from  a 
monoenergetic  source  for  such  an  arrangement  would 
consist  of  no  response  for  p  <  p x ,  a  linear  rise  in  re¬ 
sponse  from  pj  to  P2  ,  flat  response  from  p2  to  p3,  a 
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linear  decrease  from  p3  to  p4  and  no  response  for 
P  >  pu  .  (This  predicted  behavior  will  be  examined 
experimentally  in  Section  III).  In  a  manner  similar  to 
that  described  for  the  simple  semicircular  spectrograph, 
the  baseline  resolution  is  given  by 

^  P  _  P  4  —  P  1  (13) 

P  o  P  o 

For  the  configuration  used,  the  value  of  Ap/p0  for  each 
channel  for  a  source  located  at  (0,0)  is  approximately 
0.05. 

The  use  of  the  secondary  defining  slits  between  the 
primary  slits  and  the  detector  is  necessitated  by  the 
mounting  arrangement  of  the  detectors  and  their  finite 
extent.  Without  the  secondary  slits  serving  as  a 
detector  aperture,  the  entire  detector  area  would  be 
available  to  intercept  electrons  which  had  passed 
through  the  primary.  The  detector  width  (1  cm)  relative 
to  the  target  width  (0.2  cm)  would  significantly  degrade 
the  energy  resolution  since  electrons  with  a  larger 
range  of  Bp  values  would  be  accepted.  In  addition,  the 
secondary  apertures  prevent  off-trajectory  electrons 
from  striking  the  detector  mount  surrounding  the 
detector  opening  thus  eliminating  a  source  of  secondary 
electrons  which  would  be  counted  by  the  detectors. 
Definition  of  the  vertical  extent  of  the  beam  is 
accomplished  at  the  primary  aperture.  The  geometry  for 
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vertical  collimation  as  a  function  of  the  source  height 
h_,  height  of  the  primary  aperture  h_,  (placed  midway 

®  p 

along  the  electron  path  length  from  target  to  detector) 
and  detector  height  h^  is  shown  in  Fig.  8.  The  detector 
height  is  selected  in  such  a  way  that  any  electron 
leaving  the  source  and  passing  through  h^  is  intercepted 
by  the  detector.  It  is  seen  that  the  source  height  is 
given  by 


h  =  h,  -  2h 


(14) 


FIGURE  8.  Vertical  Collimation  Geometry 


The  detector  response  r  as  a  function  of  source  height 
and  primary  aperture  height  is  proportional  to  their 
product.  That  is 
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r  *  h  h 
s  p 


(15) 


i 


To  maximize  the  response,  equation  14  is  substituted  in 

equation  15,  the  result  differentiated  with  respect  to 

h  and  set  equal  to  zero.  From  this  it  is  found  that 
P 


h 


s 


and 


(16) 


(17) 


The  final  internal  configuration  of  the  spectrograph 
included  two  other  sets  of  isolation  barriers  in 
addition  to  the  primary  and  secondary  apertures.  The 
functions  of  these  barriers  were  to  (1)  minimize  virtual 
sources  of  electrons  "seen"  by  the  primary  aperture 
resulting  from  scattered  X  rays  within  the  spectrograph; 
(2)  suppress  the  number  of  "noise"  electrons  emitted 
from  the  target  or  scattered  within  the  target  region 
from  reaching  the  primary  aperture  and  (3)  isolate  the 
individual  channels  from  one  another.  The  first  two 
functions  were  performed  by  a  baffle  isolating  the 
target  region  from  the  primary  apertures.  This  baffle 
consisted  of  a  lead  sheet  (covered  on  the  target  and 
aperture  sides  by  low-2  material)  with  openings  provided 
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such  that  beam  definition  by  the  primaries  was  not 
compromised.  Isolation  between  channels  was  provided  by 
thin  aluminum  barriers  placed  between  the  primary 
apertures  and  the  detectors  which  separated  a  detector 
region  from  its  neighbors.  The  resulting  "trajectory 
tubes"  are  open  to  electrons  at  the  primary  aperture, 
enclose  the  secondary  aperture  between  the  primary  and 
the  detector  and  terminate  in  the  detector  itself.  The 
arrangement  of  target,  barriers,  apertures  and  detectors 
within  the  spectrograph  are  shown  in  Fig.  9. 
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INSTRUMENT  CALIBRATION 


X-ray  Source  Characteristics 

Any  attempt  to  measure  the  yield  of  photon  induced 
electron  emission  in  an  absolute  sense  (i.e.,  electrons 
emitted  per  incident  photon)  requires  certain  knowledge 
of  the  photon  source.  Ideally,  intense  monoenergetic  X 
rays  of  known  intensity  should  be  used.  Practical 
limitations  imposed  by  X-ray  source  strength  and 
electron  emission  efficiencies  dictate  the  use  of 
sources  with  X  rays  distributed  in  energy.  With  this 
constraint  the  minimum  information  required  about  the 
X-ray  source  is  the  total  number  of  photons  incident  on 
the  target.  Information  regarding  the  spectral 
distribution  is  of  value  for  in te r compa r i son  of 
experimental  data  and  comparison  with  calculations  from 
computer  codes  which  will  accommodate  photon  energy 
distributions.  Qualitative  and  semi-quantitative 
evaluation  of  the  relative  importance  of  photon  energy 
in  emission  efficiency  also  requires  knowledge  of  the 
X-ray  energy  spectrum. 

For  the  purpose  of  initial  experimental 
determination  of  the  beam  intensity,  energy  distribution 
and  spatial  distribution,  the  X-ray  source  was  set  up  as 
follows:  The  X-ray  tube  was  placed  in  the  position  it 
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occupies  during  backward  emission  measurements  with  a 
lead  collimator  used  to  define  the  beam.  Because  of  the 
detection  method  used  and  the  intensity  of  the  source, 
the  detector  was  placed  a  significant  distance  from  the 
source  and  the  detector  area  severely  restricted.  (See 
Fig.  10).  Detector  output  was  routed  through  a  preamp 
to  a  linear  amplifier.  Direct  output  from  the  amplifier 
was  sent  to  a  400  channel  analyzer  and  the  multichannel 
analyzer  coupled  to  an  X-Y  plotter.  In  parallel  with 
the  direct  output,  a  signal  was  routed  to  a  single 
channel  analyzer  and  from  the  SCA  to  a  scaler.  To 
further  reduce  the  beam  intensity  the  X-ray  generator 
was  operated  at  1  ma  current.  These  restrictions 
permitted  measurements  to  be  made  of  the  source  output 
at  25  ,  50  and  100  kV  potential  at  counting  rates  below 
saturation  level  of  the  electronics. 

Energy  calibration  points  for  the  X-ray  pulse 

height  distributions  were  obtained  using  isotopes  of 

cesium  and  americium.  Cs^2^  and  Am241  give  usable  ref- 

137 

erence  energies  of  32  and  8  keV  (Cs  ;  BaKa/BaKg  and 
iodine  Ka  escape)  and  60,  31.5  and  18  keV  (Am241;  ^1/^2, 
iodine  Ka  escape  and  NpLg  X  rays)  .  The  single  channel 
analyzer  (SCA)  "window"  was  established  by  a  precision 
pulser  and  was  set  to  cover  the  energy  range  resulting 
from  a  given  X-ray  tube  potential.  Resolution  of  the 
scintillation  detector  as  a  function  of  energy  was 
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FIGURE  11.  X-Ray  Energy  Distribution. 


determined  using  the  isotopes  above  and  information  pro¬ 
vided  by  the  manufacturer.  The  filtered  and  unfiltered 
50  kV  X-ray  spectra  ultimately  used  in  the  electron 
emission  measurements  are  shown  in  Fig.  11.  For  these 
X-ray  spectra,  the  2.54  cm  x  2.54  cm  Mai  scintillation 
crystal  is  totally  absorbing  and  hence  no  energy 
dependent  efficiency  correction  was  applied.  Also  the 
effect  of  K-iodine  escape  radiation  was  neglected.  (The 
measured  spectra  compare  favorably  with  results  obtained 
by  other  investigators  using  similar  operating 
conditions  [8,9,21]).  Determination  of  the  source 
intensity  was  made  using  the  data  from  the  SC  A  and 
scaler.  The  scaler  counted  all  pulses  between  the  low 
energy  cut-off  (determined  by  the  beryllium  window  in 
the  tube)  and  Emax  (determined  by  the  maximum  X-ray  tube 
accelerating  potential).  The  detector  collimator 
consists  of  a  0.32  cm  thick  lead  disk  with  a  0.0152  cm 

aperture  on  center.  This  defines  an  effective  detector 

-4  2 

area  of  AD  =  1.82  x  10  cm  .  The  photon  flux  at  a 
distance  D  is  obtained  in  terms  of  the  number  of  counts 
per  unit  time  passing  through  AD  and  is  given  by 
4>d  =  C/tAD  where  C  is  the  total  counts  and  t  counting 
time.  The  lower  level  used  for  the  SCA  window  was  3 
keV.  The  upper  level  was  arbitrarily  set  above  the  maxi¬ 
mum  energy  anticipated  for  each  accelerating  potential 
(46,  82  and  122  keV)  for  25,  50  and  100  kV  potentials  re- 
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spectively.  The  photon  fluxes  determined  in  this  manner 
with  1  ma  tube  current  were: 


Tube  Potentials.  (kVl 


25  7.44  x  106 

50  19.38  x  106 

100  54.06  x  106 

The  source  intensity  at  the  target  position  in  the 
spectrometer  (25.4  cm)  was  too  high  to  measure  directly 
with  the  scintillation  detector.  However,  measurements 
can  be  made  closer  than  D  *  198.9  cm  at  25  kV  potential 
and  1  ma  current.  Using  the  source  detector  collimator 
and  identical  settings  on  the  SCA  from  the  previous  25 
kV  run,  the  X-ray  flux  was  again  determined,  this  time 
at  D  =  50  cm.  Since  the  source  dimensions  are  small 
compared  to  the  source/detector  separation  and  the  de¬ 
tector  views  the  entire  radiating  area  of  the  source,  a 

1/D  behavior  is  anticipated.  The  expected  X-ray  flux 

8  2 

under  these  conditions  would  be  1.18  x  10  photons/cm 
sec.  Measured  values  (averaged)  yielded  an  X-ray  flux 
of  1.18  x  10  photons/cm  sec.  This  l/D*  behavior  is  al¬ 
so  valid  at  the  target  location  (i.e.,  25.4  cm 
source/target  separation  compared  to  a  projected  X-ray 
source  spot  size  of  7mm  x  7mm)  and  hence  the  photon  flux 
at  the  target  can  be  calculated  from  measurements  made 
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with  the  scintillation  detector  used  as  a  normalization 
counter. 

Bfi.fcgc.tfix.  Characteristics 

The  quantum  efficiency  as  a  function  of  electron 
energy  for  channeltron  detectors  is  a  function  of 
several  variables  associated  not  only  with  their 
specific  design  but  also  of  the  experimental 
configuration  in  which  they  are  used.  Ideally, 
detectors  should  be  measured  individually  to  determine 
the  energy  sensitivity  function  in  their  intended  mount¬ 
ing  configuration.  This  involves  an  elaborate 
calibration  arrangement  requiring  an  accurately 
controlled  electron  source  for  the  absolute  measurement 
of  detector  efficiency  which  was  not  available  for  these 
experiments.  Other  investigators  have  measured  the 
quantum  efficiency  of  several  types  of  channeltrons  and 
data  from  these  investigations  compare  favorably  with 
manufacturers  specifications.  Information  supplied  by 
the  manufacturer  of  the  detectors  used  in  this 
spectrograph  (Fig.  12)  has  been  used  to  obtain  the  fol¬ 
lowing  expression  for  detector  quantum  efficiency. 

eE  =  exp  [4.5954  -  (2.79306  x  10_2J  fnE  -  7.7847  x  10_3E  - 

(18) 

1.15498  x  10~" j 
E 
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Electron  Energy 


Channel  electron  multipliers  work  on  the  principal 
of  electron  multiplication  via  emission  of  secondary 
electrons  from  a  continuous  "dynode"  and  acceleration  of 
the  secondaries  in  an  electric  field  within  the  detector 
between  multiplication  "stages".  Since  the  devices  are 
not  el ec t r omagne t i ca 1 ly  shielded,  their  operating 
characteristics  will  be  affected  by  the  electromagnetic 
conditions  in  which  they  operate.  The  detectors  in  the 
spectrograph  must  operate  in  the  applied  magnetic  field 
used  for  energy  analysis  of  the  emitted  electrons. 
Previous  investigators  have  shown  that  curved  channel 
multipliers  exhibit  alterations  in  their  operating 
characteristic  as  a  function  of  the  strength  of  the 
magnetic  field  within  which  they  are  immersed.  Data  are 
available  on  simple  curved  channels  as  a  function  of 
field  strength  and  detector  orientation  relative  to  the 
field.  Minimum  perturbation  to  the  detector  operation 
is  noted  when  the  plane  of  the  simple  curved  detector  is 
aligned  along  the  magnetic  field  vector.  Maximum 
perturbations  occur  when  the  field  lines  are 
perpendicular  to  the  plane  of  the  detector.  The 
perturbations  appear  as  a  reduction  in  the  count  rate 
from  a  constant  source  as  the  magnetic  field  increases. 
Some  improvement  is  possible  by  increasing  the  high 
voltage  bias  on  the  detectors.  This  tends  to  diminish 
the  effect  of  the  magnetic  field  turning  secondary 
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electrons  into  the  wall  of  the  channel  before  they  have 
acquired  sufficient  energy  to  create  additional 
secondaries.  Proper  orientation  of  the  detectors  and 
increasing  bias  to  the  maximum  level  recommended  by  the 
device  manufacturers  yields  a  flat  response  up  to  ^  150 
gauss  for  a  simple  curved  channel. 

The  same  characteristics  were  investigated  for 
helical  detectors  used  in  this  electron  emission 
spectrograph.  If  the  helix  has  a  very  shallow  pitch  and 
is  oriented  such  that  the  axis  of  the  helix  is 
perpendicular  to  the  magnetic  field,  behavior  similar  to 
that  obtained  with  the  curved  channel  with  the  plane  of 
the  curve  parallel  to  the  field  should  be  expected. 

The  X-ray  generator  was  used  to  provide  a  constant 
source  of  particles  uninfluenced  by  the  magnetic  field. 
This  gives  a  controllable  source  of  excitation  which  can 
be  turned  on  and  off  for  source  and  dark  count  and  dark 
count  only  comparisons  as  a  function  of  field  strength. 
Source  strength  and  exposure  geometry  were  such  that 
beam  filtration  and  a  limiting  aperture  were  employed  to 
obtain  a  reasonable  count  rate  (i.e.,  <  103cps.).  Use 
of  a  0.08  cm  aluminum  filter  and  a  0.015  cm  diameter 
source  aperture  provided  a  constant  count  rate  of  ^350 
cps  at  B  *  0  gauss.  Background  (dark  current)  count 
rate  at  B  =  0  gauss  was  <  4cps.  A  diagram  of  the 
measurement  geometry  is  shown  in  Fig.  13.  Results  of 
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the  measurements  made  at  3.5  and  4.0  kV  detector  bias 


are  shown  in  Fig.  14.  The  4.0  kV  operating  condition 
was  used  for  the  magnetic  field  correction  in  electron  e- 
mission  measurements.  Subsequent  calculations  used  the 
folio wing  magnetic  field  correction  to  the  detector 
response. 


e  =  1  -  aB3  (19) 

M 

where  c..  is  the  efficiency  as  a  function  of  magnetic 
M 

field  strength  B  and  the  constant  a  =  0.13  x  10-*3.  (The 
maximum  correction  required  was  ^  3%  at  B  =  60  gauss). 


Backgcouad...CQunt--Rfl.t.es 

Since  the  experiment  is  designed  to  measure 
electrons  emitted  at  extremely  low  count  rates  into 
small  solid  angles,  the  detectors  must  exhibit  an 
inherently  low  "dark  count".  In  addition,  since  the  X 
rays  enter  the  spectrograph  to  interact  with  the  target 
and  must  subsequently  traverse  the  instrument  to  exit, 
the  potential  exists  for  many  secondary  sources  of 
electrons  which  would  constitute  background  in  the 
signal  to  be  measured.  In  particular,  the  target  mount 
must  present  an  extremely  small  interaction 
cross  section  for  the  X  rays.  This  was  accomplished  by 
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designing  the  mount  in  such  a  way  that  the  only  material 
in  the  target  plane  other  than  the  target  was  small 
segments  of  0.0025  cm  diameter  aluminum  wire  (Fig.  15). 
The  background  from  the  target  holder  alone,  which  was 
subtracted  from  the  target  emission,  was  obtained  by 
direct  measurement  of  emission  in  each  channel  reduced 
by  the  fraction  of  the  counts  which  comes  from  those 
portions  of  the  wires  which  would  normally  be  covered  by 
the  target. 

Measurements  of  the  dark  count  CD  in  the  detectors 
operating  at  4  kV  potential  with  no  intentional  source 
of  electrons  in  the  spectrograph  (i.e..  X-ray  source  and 
ionization  gauge  off)  established  a  baseline  of  CD  <  1 
cpm.  Specifically,  determinations  were  made  under  the 
conditions  shown  in  Table  4.  For  data  runs  the 
background  was  established  under  condition  3. 
Corrections  for  background  including  dark  counts  were 
made  for  all  targets.  The  degree  of  background 
suppression  from  secondary  sources  within  the 
spectrograph  (the  target  volume  is  a  virtual  sea  of 
scattered  X  rays  and  electrons)  is  evidenced  by  the  lack 
of  cross-talk  among  the  channels  and  the  absence  of 
off-peak  signal  when  urging  the  electron  source  for 
energy  resolution  measurements  as  will  be  shown  in  the 
following  section. 
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FIGURE  15.  Target  Mount 


TABLE  4 

Background  Count  Rates 


£awu...Rafcg 


1. 

Holder 

removed 

<  1 

cpm 

all 

channels 

Source 

off  ion  gauge 

fin 

2. 

Holder 

in  place 

<  1 

cpm 

all 

channels 

Source 

off  ion  gauge 

fin 

3. 

Holder 

in  place 

<4 

cpm 

all 

channels 

Source 

OH  ion  gauge  £& 

ttagnsULc-rinld  Conditions 

The  magnetic  field  conditions  within  the 
spectrograph  are  coupled  with  the  spherical  aberrations 
of  the  electron  optics  to  determine  the  instrument 
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resolution.  Ideally,  the  magnetic  field  should  be 
constant  and  uniform  throughout  the  working  volume  and 
in  the  absence  of  intentional  space  focusing  should 
exhibit  negligible  gradients  perpendicular  to  the  plane 
of  the  spectrograph.  Direct  measurements  within  the 
active  volume  were  made  to  determine  the  field  distribu¬ 
tion.  Two  Hall  effect  gaussmeters  were  cross-calibrated 
with  reference  magnets  to  establish  correct  settings  for 
the  internal  calibration  mode  of  the  instruments  used 
for  subsequent  measurements.  One  unit  was  used  with  its 
probe  in  a  fixed  reference  position  to  monitor  any  drift 
in  the  field  established  within  the  active  volume  while 
the  probe  from  the  second  unit  was  mounted  to  permit 
measurements  along  the  paths  of  10  cm  radius  defined  by 
specific  emission  angles.  Measurements  were  made  at  5° 
intervals  along  the  arcs  with  field  strength  settings  at 
the  control  probe  locations  of  0,  5  and  95  gauss. 
Deviations  in  the  fields  were  <  0.02  gauss,  <_  0.07  gauss 
and  <  .25  gauss  respectively  indicating  approximately 
±1.5%  uniformity.  Measurements  of  the  spectrograph 
resolution  discussed  in  the  next  section  include  the 
effects  of  magnetic  field  uniformity. 
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Measurement  of  the  energy  resolution  of  the  spectro¬ 
graph  was  used  to  verify  the  operation  of  the  instrument 
and  as  a  cross-check  on  the  mathematical  formalism  used 
to  determine  emission  yield  from  measured  quantities. 
From  the  discussions  in  Section  II  it  is  noted  that  for 
a  spectrograph  operating  with  a  fixed  radius  of 
curvature  and  uniform  magnetic  field  strength,  the 
momentum  resolution  ABp/B p0  is  a  constant  determined  by 
geometry.  In  the  range  of  magnetic  field  strengths  of 
interest  to  this  experiment  the  energy  resolution 
AE/E  =  2ABp/Bp0. 

Experimentally,  the  resolution  was  determined  by 
measurement  of  electrons  emitted  by  a  thermionic  source. 
The  energy  was  established  by  accelerating  electrons  in 
a  fixed  geometry  through  an  electric  field  accurately 
controlled  by  a  regulated  high  voltage  power  supply.  A 
thermionic  source  was  chosen  in  preference  to  a 
conversion  electron  isotope  source  due  to  the  larger 
currents  available  from  the  electron  gun  and  its 
adaptability  to  the  spectrograph  geometry.  This  choice 
was  made  with  some  sacrifice  in  source  stability.  A 
schematic  and  block  diagram  of  the  electron  source  and 
its  control  circuit  are  shown  in  Fig.  16.  The  electron 
source  consisted  of  a  thin  walled  machined  brass 
cylinder  1.25  cm  high  and  0.83  cm  diameter.  Insulated 


Calibration  Source  Variable  AC  Current 

Located  In  Target  Location 


FIGURE  16.  Energy  Calibration  Electron  Source 
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end  caps  of  machined  epoxy  were  center  drilled  and  used 
to  position  a  0.01  cm  diameter  tungsten  filament  along 


the  axis  of  the  cylinder.  Small  brass  connector 
assemblies  on  each  end  provided  mechanical  support  and 
electrical  contact  for  the  AC  current  supply  to  the 
tungsten  filament.^"  The  accelerating  voltage  was  ap¬ 
plied  to  the  filament  as  a  negative  DC  bias.  The  brass 
cylinder  was  clamped  at  the  spectrograph  (ground) 
potential.  The  electrons  were  emitted  in  a  180°  pattern 
in  the  plane  of  the  spectrograph  through  a  0.076  cm  wide 
half  circumferential  slot  in  the  middle  of  the  brass 
cylinder.  Currents  on  the  order  of  1  ampere  v/ere 
sufficient  to  generate  on  the  order  of  104  counts/min 
(peak)  in  the  detectors.  (Figure  17  shows  a  photograph 
of  the  target  mount,  a  detector  and  the  electron 
source)  . 

The  energy  of  the  electrons  was  established  by 
setting  the  accelerating  potential  via  the  regulated 
power  supply.  With  the  spectrograph  at  vacuum  (^10-5 
torr)  the  AC  supply  current  was  turned  on,  the  location 
of  the  peak  count  rate  was  then  established  by 

^It  should  be  noted  that  the  initial  electron  gun 
configuration  employed  a  DC  current  source  which  was 
ultimately  rejected  due  to  the  introduction  of  a 
magnetic  field  component  in  the  electron  source  region 
which  seriously  perturbed  the  electron  trajectories; 
the  AC  current  source  eliminated  the  problem. 
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sweeping  the  magnet  field  settings  through  the 
anticipated  region  of  peak  response,  and  then  sequential 
measurements  were  made  at  the  peak  to  confirm  source 
stability.  With  the  electron  source  stabilized,  a 
systematic  measurement  of  count  rate  versus  magnetic 
field  strength  was  made  in  the  four  channels 
simultaneously.  From  the  results  shown  in  Figs.  18 
through  21  the  spectrograph  performed  as  expected  from 
the  analysis  in  Section  II.  The  detectors  do  not  "see" 
electrons  until  a  magnetic  rigidity  corresponding  to  bp  1 
is  reached.  Past  that  point  the  count  rate  increases 
rapidly  reaching  a  somewhat  constant  value  between  Bp2 
and  Bp 3  and  rapidly  decreasing  to  a  point  at  Bp-  where 
the  detectors  are  again  at  background  count  rates. 
Inspection  of  the  results  in  a  given  channel  at  three 
electron  energies  shows  the  resolution  expressed  as  a 
percentage  to  be  a  constant.  For  example,  using  the 
results  of  channel  1  measurements  at  0.25,  1  and  3  keV 
the  values  of  (ABp/Bpo)  determined  at  full  width  half 
maximum  amplitude  are  0.037,  0.038  and  0.039 
respectively.  In  Section  II  it  was  shown  that  the 
geometry  of  the  spectrograph  yields  a  value  of 
( ABp/Bp o )  =  o.05  for  baseline  resolution.  Hence,  the 
following  has  been  demonstrated: 
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1.  Experimental  measurements  using  a  line  source 
confirm  the  anticipated  resolution  based  on  the 
spectrograph  geometry. 

2.  Calculations  of  the  instrument  sensitvity  as  a 
function  of  line  source  position  in  the  target 
plane  shows  the  resolution  to  be  constant  over 
the  target  width  of  0.2  cm  (Table  3). 

The  final  experimental  results  presented  in  the  next 
section  include  the  effects  of  finite  source  width  in 
determining  differential  electron  yields. 
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Magnetic  field  (qauaal 


FIGURE  18.  Channel  1  ( 


0°)  Resolution 


Magnetic  Field  (gauss) 


FIGURE  19.  Channel  2  (30°)  Resolutio 
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Megnatic  Field  (gaues) 


FIGURE  20.  Channel  3  (45°)  Resolution 


EXPERIMENTAL  RESULTS 


Data  accumulated  for  determination  of  the  electron 
emission  from  various  targets  consisted  of  the  number  of 
electrons  counted  in  each  detector  over  a  measured  time 
interval  as  a  function  of  magnetic  field  strength. 
During  this  interval  the  fluence  of  X  rays  incident  on 
the  target  was  also  measured  with  the  normalization 
counter.  The  X-ray  spectrum  was  determined  from  the 
scintillation/PMT  detector  and  the  vacuum  condition 
inside  the  spectrograph  was  also  noted.  Counting  in¬ 
tervals  were  determined  on  the  basis  of  count 
statistics,  emission  efficiency  and  peak  count  rate  to 
background  ratios  and  were  varied  depending  on  target 
material  examined.  Counting  intervals  ranged  from 
approximately  5  minutes  per  datum  point  (high  Z  targets 
near  distribution  peaks)  to  as  long  as  30  minutes  for 
the  low  Z  targets.  Processing  of  the  raw  data  (counts 
versus  magnetic  field  strength)  into  differential 
emission  yield  (electrons/  photon  keV  sr)  involved  the 
use  of  the  following  equation. 


Vm  =  ~ 

1  X 


2  V2 


a  »  1 

,2  l  (  l  2  ) 


68 


(Development  of  this  equation  is  included  in  Appendix  A 
and  raw  data  from  12  materials  are  included  in  Appendix 
B)  .  G(a,8k)  is  the  differential  yield  of  electrons  of 

energy  E  emitted  at  angle  8^  from  the  target.  Nk  and  Nx 
are  the  measured  electron  counts  in  each  detector  and 
X-ray  counts  in  the  normalization  counter  respectively, 
Ax  and  Afc  are  the  areas  of  the  normalization  counter 
detector  collimator  and  emission  target,  while  £x  and  £ . 
represent  the  source-to-detector  and  source-to-target 
distances.  Sk  is  the  path  length  from  the  target  to  the 

t*  H 

k  detector  and  h^  is  the  height  of  the  primary 
aperture.  Ak  is  the  integrated  p  dependent  angular 
acceptance  band  A6k  defined  by  the  primary  slit  width 
and  po  defines  the  design  radius  of  curvature  for  the 
spectrograph.  The  quantity  in  brackets  is  the  relativ¬ 
istic  conversion  factor  from  momentum  to  energy  in  terms 
2 

of  a  =  E/m  c  .  and  are  the  energy  and  magnetic 
oeM 

field  efficiency  factors  respectively  for  the  detectors. 
(See  equations  18  and  19).  Note  that  for  the  electron 
energies  of  interest  a  <<  1  and  equation  20  reduces  to 
the  non-relativistic  approximation. 


69 


This  can  be  compared  to  a  geometrical  approximation 
(which  assumes  the  angular  acceptance  bands  are 
independent  of  p )  given  by 


A  =  A6  =  - —  (23) 

Sk/2 

where  Wk  is  the  width  of  the  primary  aperture  located 
halfway  between  the  target  and  detector  along  the  elec¬ 
tron  trajectory  and  AE  is  the  measured  energy  resolution 
of  the  spectrograph. 


yj  i » if  ■'i  m  tu'  i  mi 


Examination  of  the  reproducibility  of  the 
differential  emission  measurements  was  made  with  the 
following  sets  of  measurements.  Data  from  Mylar, 
aluminum,  copper  and  lead  were  used  to  determine  the 
reproducibility  of  the  ratio  of  the  number  of  electron 
counts  in  each  channel  to  the  number  of  X-ray  counts  in 
the  normalization  counter  at  a  specific  magnetic  field 
strength.  The  magnetic  field  strength  chosen  was  that 
corresponding  to  the  peak  count  rate  in  Channel  1.  The 


70 


reproducibility  is  stated  m  terms  of  the  average  of  the 
ratio  for  n  measurements  with  a  standard  deviation 
obtained  using  "inefficient"  statistics  for  sample  sizes 
n  <  10  (aluminum,  copper  and  lead)  and  "efficient" 
statistics  for  Mylar  n  =  12.  For  example,  for  the  Mylar 
target  twelve  separate  measurements  were  made  of  the 
electron  counts  in  each  channel  as  a  function  of  the 
number  of  X  rays  detected  in  the  normalization  counter 
at  a  magnetic  field  strength  of  25.5  gauss.  For  each 
measurement,  the  ratio  of  electron  counts  to  X-ray 
counts  was  computed  and  the  results  averaged  for  each 
channel.  The  standard  deviation  was  obtained  using  the 
expression 


—  t, 

n-l 


Similar  calculations  were  done  for  aluminum,  copper  and 
lead  using  an  approximation  for  the  standard  deviation 
given  by  [24]  - 


range 
/  n 


k  - 

k 

In  ) 

In  ) 

\  x/max 

\  x/min 

A  summary  of  the  results  is  given  in  Table  5  where  the 
reproducibility  of  the  X-ray  counts  is  included  as  well 
as  that  of  the  electron  to  X-ray  ratio.  The  X-ray 
source  reproducibility  is  within  4%  and  a  reasonable 


estimate  of  the  reproducibility  of  the  ratio  of  electron 
counts  to  X-ray  counts  is  ±12%. 

Random  errors  influencing  the  precision  of  the 
experiment,  once  a  series  of  measurements  has  begun,  are 
associated  primarily  with  establishing  and  maintaining 
the  X-ray  source  parameters,  setting  timer/scalers  and 
regulating  the  magnetic  field  strength.  With  the 
exception  of  the  X-ray  source,  these  devices  employ 
digital  set-points  and  readouts;  their  precision  is 
determined  by  the  instrument  capability  and  the  accuracy 
of  its  calibration.  The  digital  gaussmeter  used  in 
conjunction  with  calibration  magnets  has  a  precision  of 
±2%.  Errors  in  timing  are  not  relevant  since  the 
emission  measurements  are  made  as  a  function  of  X-ray 
fluence  rather  than  flux.  Variations  in  the  output  of 
the  X-ray  source  were  accounted  for  by  use  of  the 
normalization  counter.  Readout  of  the  X-ray  and 
electron  counts  were  obtained  on  electromechanical 
scalers  minimizing  random  errors  associated  with 
estimates  of  scale  readings.  Based  on  the 
reproducibility  data,  the  precision  of  the  measurement 
technique  as  used  is  estimated  to  be  ±15%. 

Statistical  errors,  as  they  apply  to  this 
experiment  (the  events  recorded  are  not  strictly  random 
in  the  same  sense  as  nuclear  disintegrations)  are 
treated  by  assuming  a  measurement  of  X-ray  or  electron 
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counts  can  be  expressed  as  N  t  /  N  .  The  electron  count 
includes  background  (dark  count  plus  electrons  from 
sources  other  than  the  target).  Hence  Nk  =  (Nk '  -  Nbkg) 
where  N^'  is  the  measured  count,  Nbkg  is  the  background 

and  ok  =  /  Nk'  +  Nbkg  *  The  c3uantity  Nk/Nx  is  then 
expressed  as 


N.  1  -  N., 
k _  bkg  + 


±  a 


kx 


where 


(26) 


kx 


N  '  -  N,. 
k  bkg 

1  ,  1 

N 

X  vj 

N  '  +  N,  ,  N 

k  bkg  x 

(27) 


Further,  for  all  cases  studied  Nx  >>  Nk'  +  Nbkg  and 
equation  27  can  be  approximated  by 


N,  N,  '  -  N.  ,  / 

_JL  a  _ k  bkg  /x  ,  1 

N  Nv  l  /N,  ’  +  N.  . 

x  x  \  k  bkg 

The  expression  for  the  energy  integrated  differential 
yield  is  obtained  by  adding  the  individual  differential 
yields  for  each  emission  angle.  The  propagated 
statistical  error  is  given  by 
a  =  (Oi 2  +  a2  2  +  . . .  +an2 )  ^  .  The  data  in  Appendix  B 
includes  these  statistical  errors. 

The  dominant  source  of  uncertainty  contributing  to 
the  accuracy  of  the  results  is  the  lack  of  exact  data  on 
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the  energy  dependence  of  the  detector  response. 
Referring  to  Fig.  12,  the  manufacturers  data  show  a 
range  of  values  for  detection  efficiency  as  a  function 
of  energy.  Other  investigators  [25]  have  made 
measurements  of  detector  efficiency  on  various  types  of 
channel  electron  multipliers  and  reported  similar 
variations.  Over  the  energy  range  employed  in  these 
measurements  the  variation  in  the  detector  efficiency  is 
no  larger  than  approximately  ±15%.  Other  systematic 
errors  associated  with  the  geometry  of  the  spectrograph 
(target,  aperture  and  detector  positions,  target  area, 
aperture  dimensions  etc.)  are  of  smaller  values.  The 
combined  estimated  accuracy  and  measured  precision  of 
the  measurements  is  ±30%  obtained  by  assuming  the 
systematic  and  random  errors  are  additive. 


Using  the  experimental  data  from  Appendix  B  and  the 
appropriate  spectrograph  parameters  in  equation  20  the 
differential  electron  yields  for  the  various  materials 
are  plotted  in  Figs.  22  through  35. 1  Figure  36  shows 

^■The  curves  for  steeper  emission  angles  with  the 
filtered  spectrum  and  those  for  lower  Z  targets  with 
the  unfiltered  spectrum  exhibit  the  effects  of  poorer 
signal-to-noise  ratios.  This  effect  is  seen  as  the 
less  smooth  behavior  of  the  differential  curves 
relative  to  the  high  Z  targets. 
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G(0  ),  the  differential  yield  integrated  over  energy,  as 
a  function  of  emission  angle  for  each  material,  where 


G(V 


G (a,  0^)  da 


(29) 


Included  in  this  figure  are  the  error  bars  associated 

with  the  combined  experimental  accuracy  and  precision 

(±30%)  as  well  as  yield  curves  proportional  to  cos  9, 

cos0  and  isotropic  angular  distributions.  Figures  37 

and  38  show  the  energy  integrated  emission  of  30°,  45° 

and  60°  normalized  to  0°  emission  compared  with  cosg  and 
2 

cos  0  emission  distributions.  The  typical  error  bars 
shown  in  these  figures  include  only  the  random  error 
(+15%)  of  the  total  experimental  accuracy.  (The 
systematic  error  cancels  out  of  the  normalized 
quantities).  The  fractional  error  is  defined  /T  (0.15), 
assuming  the  random  error  is  the  same  for  both 
quantities  in  the  quotient  G(0k)/G(0l). 

In  order  to  compute  the  total  yield  of  reverse 
emitted  electrons,  the  energy  integrated  yield  G  (0^)  is 
integrated  over  the  solid  angle  with  the  appropriate 
angular  dependence.  Using  cos0  behavior  based  on  data 
in  Figs .  36  and  37 , 
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Using  the  experimentally  measured  data  for  0°  emission 
and  employing  equation  22,  the  total  yield  for  each  ma¬ 
terial  was  calculated.  This  information  is  summarized 
in  Table  6. 

Table  6.  Total  Reverse  Emission  Yield  Summary, 

E  >0.1  keV;  Filtered  and  Unfiltered  Spectra 
e 


Target  Material 

G i  x  lCr 

/ electrons \ 
\  ^  sr  / 

Y  x  10J 

/electrons  \ 

V  Y  j 

Y  x  10' 

/ coul  \ 

V cal/ 

Pb 

7.96 

25.02 

66.82 

Ta  (Filtered) 

1.17 

3.68 

4.92 

Ta 

7.08 

22.24 

59.43 

Cu  (Filtered) 

0.58 

1.82 

2.43 

Cu 

2.19 

6.87 

18.38 

A1 

0.78 

2.45 

6.55 

Mg 

0.56 

1.76 

4.70 

Cover  Glass 

0.55 

1.73 

4.62 

Silica  Cloth 

0.34 

1.07 

2.85 

Thermal  Control  Paint 

0.17 

0.53 

1.43 

Kevlar 

0.11 

0.35 

0.92 

Mylar 

0.10 

0.  31 

0.84 

Non  Conducting  Epoxy 

0.07 

0.22 

0.58 

Conducting  Epoxy 

0.06 

0.19 

0.50 

.1 


1.0 


10.0 


100.0 
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FIGURE  22.  Differential  Yield  vs.  Energy; 
Cu  with  Filter 


FIGURE  24.  Differential  Yield  vs.  Enerqy; 
Mg,  Unfiltered 


FIGURE  25  .  Differential  Yield  vs. 
Al,  Unfiltered 
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FIGURE  27.  Differential  Yield  vs.  Energy; 
Ta,  Un filtered 
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29.  Differential  Yield  vs.  Energy 
Cover  Glass,  Unfiltered 
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45* 
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FIGURE  31.  Differential  Yield  vs.  Energy; 

Thermal  Control  Paint,  Unfiltered 
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FIGURE  33.  Differential  Yield  vs.  Energy; 
Mylar,  Unfiltered 
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FIGURE  35.  Differential  Yield  vs.  Energy; 

Conducting  Epoxy,  Filtered 
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FIGURE  36.  Energy  Integrated  Yield 
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37.  Normalized  Yield  vs.  0  ; 
Metal  Targets 
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FIGURE  38.  Normalized  Yield  Versus  e^; 
Nonmetallic  Targets 
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DISCUSSION  AND  SUMMARY 


Features  of  Emission  Curves 

The  dependence  of  electron  emission  characteristics 
on  the  incident  X-ray  spectrum  can  be  seen  by  comparing 
the  differential  yields  of  copper  and  tantalum  measured 
with  filtered  and  unfiltered  50  kV  bremsstrahlung 
spectra.  Comparing  the  results  for  copper,  Fig.  22  with 
Fig.  26,  it  is  seen  that  for  the  filtered  spectrum 
(broad  peak  in  X-ray  energy  at  2:30  keV,  Fig.  11)  there 
is  a  correspondingly  broad  buildup  in  the  electron 
energy  distribution  between  8  and  25  keV.  This  cor¬ 
responds  to  the  generation  of  primary  photoelectrons  of 
energy  Ee  *  hv  -  BEk  from  K-shell  interactions.  The 
unfiltered  spectrum  has  a  much  larger  fraction  of  its 
fluence  below  20  keV  and  consequently  gives  a  signif¬ 
icantly  larger  electron  yield  due  to  K-shell  or  L-shell 
photoelectron  interactions  from  X  rays  below  this 
energy.  Both  curves  show  a  more  rapid  increase  in  yield 
just  below  the  K-edge  (8.9  keV)  in  X-ray  absorption 
coefficient  as  the  energy  of  the  X  rays  falls  below  the 
K-shell  binding  energy  and  L-shell  interactions  begin  to 
dominate  the  photoelectric  process.  In  particular.  Fig. 
26  shows  a  peak  in  emission  occuring  at  approximately  5 
keV  which  correlates  with  the  increase  in  L-shell  photo- 
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electron  generation  and  KLL  Auger  electrons  (Ee  *  BEk  - 
2BEl  =  7  keV) .  Electrons  created  by  K-shell  fluores¬ 
cence  X  rays  and  subsequent  L-shell  photoelectrons  will 
also  contribute  to  this  portion  of  the  emission 
spectrum.  Both  curves  exhibit  a  decrease  in  yield  be¬ 
tween  5  keV  and  1  keV,  the  filtered  spectrum  falling 
noticeably  faster,  as  the  relative  number  of  X  rays  in 
the  incident  spectrum  decreases.  The  buildup  in  yield 
below  1  keV  is  most  likely  attributable  to  lower  order 
Auger  electrons  and  to  low  energy  secondary  electrons 
generated  near  the  target  surface  from  ionization  caused 
by  the  more  energetic  photoelectrons  and  Auger 
electrons. 

A  similar  comparison  can  be  made  for  the  tantalum 
data  (Pig.  23  and  Fig.  27).  The  electron  emission 
spectrum  with  filter  shows  a  relatively  larger 
contribution  from  the  20  to  40  keV  X  rays  than  does  the 
unfiltered  X-ray  electron  emission  spectrum.  The 
distribution  in  Fig.  23  shows  evidence  of  a  broad  peak 
around  15  keV  which  corresponds  to  K-shell  pho¬ 
toelectrons  (Ee  £  h^  -  BER  keV)  from  the  peak  of  the 
X-ray  distribution.  The  L-edge  in  tantalum  also  occurs 
at  15  keV,  and  an  increasing  steepness  in  the  yield 
occurs  from  about  12  keV  to  a  peak  at  approximately  5-6 
keV.  This  increase  with  the  unfiltered  spectrum  results 
from  increasing  L-shell  photoelectron  generation  (Eg  £ 
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hVpk  -  BEl  =  6  keV)  ,  and  competing  LMM  Auger  electrons 
(Eg  £  BEl  -  2BEm  a  7  keV) .  A  decrease  in  yield,  similar 
to  that  observed  in  copper,  occurs  between  the  peak  and 
1-2  keV  (the  filtered  spectrum  decreasing  more  rapidly) , 
and  an  increase  from  lower  order  Augers,  fluorescent  X 
rays  and  low  energy  secondaries  below  this  energy. 

The  increase  in  yield  with  decreasing  X-ray  energy 
is  noted  by  the  difference  in  ordinate  scales  for 
filtered  and  unfiltered  data  for  copper  and  tantalum, 
and  a  similar  comparison  for  these  materials  for  the 
energy  integrated  yield  as  a  function  of  emission  angle 
shown  in  Fig.  36  (the  subscript  F  indicates  the  filtered 
X-ray  spectrum) .  For  the  same  X-ray  fluence  in  terms  of 
cal/cm2,  the  low  energy  spectrum  gives  factors  of  6  and 
4  greater  electron  yields  for  tantalum  and  copper 
respectively. 

Examination  of  Figs.  24  and  25  for  magnesium  and 
aluminum,  respectively,  shows  basically  similar  features 
for  the  unfiltered  spectrum.  The  K-edge  absorption  in 
both  materials  is  well  below  the  low  energy  cutoff  of 
the  X-ray  spectrum,  hence  no  noticeable  discontinuities 
appear  in  the  electron  energy  distributions.  Both  show 
contribution  to  their  low  energy  electron  emission 
spectra  from  K-shell  Auger  electrons  (Eg  *  1.3  and  1.15 
keV  for  Al  and  Mg,  respectively).  Figure  28  shows  data 
for  lead  with  an  u.ifiltered  spectrum.  The  K-edge  in 
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lead  occurs  at  88  keV,  well  beyond  the  high  energy  limit 
of  the  X-ray  spectrum.  The  L-edge  absorption  occurs  at 
approximately  16  keV,  and  a  slight  increase  in  the  rate 
of  change  of  yield  with  decreasing  energy  can  be  noted 
below  this  energy.  M-shell  absorption  edges  occur  from 
3  to  4  keV  and  a  peak  in  the  emission  yield  appears  at 
2:5  keV  corresponding  to  M-shell  photoelectrons  (Eg  i  hvpk 
-  BEm  -  5  keV)  generated  from  the  peak  of  the  X-ray 
energy  spectrum.  Electrons  of  energy  Eg  <  bel  -  2BEM  - 
7.8  keV  will  also  be  generated  by  L-shell  X-ray 
fluorescence  and  the  subsequent  M-shell  photoelectrons. 
The  peak  in  the  yield  distribution  around  1.5  keV 
correlates  with  fluorescence  transitions  between  M-  and 
N-shell  electrons  after  M-shell  photoelectron  interac¬ 
tions;  for  example  Eg  1  BEM  -  2BEn  =  2.1  keV.  Low 
energy  secondary  electrons  are  seen  to  increase  below 
0.4  keV. 

Comparing  the  electron  emission  at  specific 
emission  angles  for  a  given  material,  it  is  generally 
observed  that  there  is  not  a  significant  variation  in 
energy  distribution  as  a  function  of  angle.  Examination 
of  Figs.  24  through  28  for  magnesium,  aluminum,  copper, 
tantalum  and  lead  show  that  the  differences  in  emission 
spectra  which  do  exist  are  primarily  in  the  low  energy 
region  (Eg  il  keV)  where  emission  tends  to  be  more 
nearly  isotropic.  A  similar  behavior  is  exhibited  by 
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the  dielectric  targets  (Figs.  29  through  35),  although 
the  measurement  conditions  (poorer  signal-to-noise  ra¬ 
tios)  tend  to  mask  the  similarity  of  the  electron 
emission  spectra  at  different  emission  angles  for  each 
material. 

Contribution  to  the  total  electron  emission  yield 
from  electrons  of  energy  0.1  i  Egi  1.0  keV  for  the 
filtered  and  unfiltered  X-ray  spectra  for  all  materials 
examined  was  <10%.  As  a  result,  the  electrons  generated 
by  photoelectric,  Auger  and  X-ray  fluorescence 
interactions  will  dominate  the  number  of  electrons 
emitted  from  a  surface  exposed  to  X  rays.  The  energy 
distribution,  angular  distribution  and  quantum  yield  of 
these  electrons  will  basically  determine  the  nature  of 
the  source  term  for  SGEMP  response  calculations.  Low 
energy  secondaries  Ee  i  0.1  keV  will  always  be  present 
due  to  ionizing  events  very  near  the  surface  from  es¬ 
caping  primaries.  Their  contribution  to  the  SGEMP  re¬ 
sponse  will  be  minimal  due  to  their  relatively  small 
numbers  and  the  presence  of  a  space  charge  barrier  which 
will  limit  their  travel  from  the  surface. 

As  noted  previously  in  Fig.  36  the  energy 
integrated  electron  emission  yield  varies  as  cos  9  for 
high  Z  materials;  cos  3  from  medium  Z  to  low  Z  targets; 
and  exhibits  a  nearly  isotropic  distribution  for  the 
lowest  atomic  number  materials  investigated.  From  this 


figure  and  the  data  shown  in  Figs.  37  and  38,  the  energy 
integrated  electron  emission  yield  can  be  approximated 
by  a  cos  9  dependence.  (This  approximation  will  over 
estimate  the  spatially  integrated  yield  for  high  Z 
metals  by  33%  and  under  estimate  the  yield  from  lowest  Z 
materials  by  a  factor  of  2) .  The  cos  e  dependence  is  in 
agreement  with  simple  models  which  assume  isotropic 
generation  of  photoelectrons  within  an  electron  range  of 
the  material/vacuum  interface  and  more  complex  math¬ 
ematical  models  which  predict  electron  emission  and 
include  angle  dependent  X-ray  and  electron  interaction 
cross  sections.  The  cos  8  curves  shown  in  these  figures 
represent  the  relative  angular  distribution  of 
backscattered  electrons  for  normal  incidence  of  high 
energy  electrons  on  thick  foils.  Under  these 
conditions,  electrons  created  by  penetrating  primary 
electrons  undergo  a  large  number  of  scattering  and  ener¬ 
gy  loss  collisions  before  being  backscattered  from  the 
surface  of  the  foil  1261.  The  cos  6  behavior 
corresponds  to  the  diffusion  limit  and  is  analogous  to 
the  condition  where  penetrating  X  rays  create  electrons 
at  sufficient  depth  within  a  material  that  escaping 
electrons  undergo  multiple  scattering  interactions 
before  being  reverse  emitted  from  the  surface. 
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Yield  Dependence  on  Atomic  Humber 

Figure  39  illustrates  the  dependence  of  integrated 
reverse  emission  yield  on  the  atomic  number  of  the 
target  material.  Experimental  data  includes  dielectrics 
as  well  as  elements  for  the  unfiltered  X-ray  spectrum, 
copper  and  tantalum  results  with  predictions  for  the 
filtered  X-ray  spectrum  and  predicted  yield  for 
aluminum,  copper,  tantalum  and  lead  with  the  unfiltered 
spectrum.  The  atomic  number  of  the  dielectrics  is 
represented  with  some  uncertainty  since  the  exact 
composition  of  the  samples  was  unknown.  The  solar  cell 
cover  glass  and  silica  cloth  are  basically  Si02 
compounds  (effective  Z  -  11);  the  thermal  control  paint, 
Kevlar,  Mylar  and  epoxy  samples  are  basically  carbon 
base  compounds  with  estimated  effective  atomic  numbers 
ranging  from  5  to  7. 

The  yield  curve  for  the  unfiltered  spectrum  shows  a 

3  3 

Z  *  dependence  from  Z  =  6  to  Z  =  13.  From  Z  =  13  to  Z 
=  73  the  yield  varies  approximately  as  Z1*3  and  from  Z  = 
73  to  Z  =  82  approximately  as  Z.  This  behavior  (and  its 
departure  from  the  Z  dependence  of  the  photoelectric 
cross  section)  is  a  result  of  the  spectrum  of  X  rays 
generating  the  emission  and  the  contribution  to  the 
yield  from  multiple  interactions.  The  curve  based  on 
QUICKE  2M  results  is  similar  in  shape  to  the 
experimental  data.  The  slope  of  the  yield  curve  from  Z 
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FIGURE  39 .  Yield  Versus  Atomic  Number 


a  29  to  Z  =  73  for  the  filtered  spectrum  (Z^’®)  is  lower 
than  for  the  unfiltered  spectrum  as  would  be  anticipated 
because  of  the  higher  average  energy  (and  lower  pho¬ 
toelectric  cross  sections)  for  the  X  rays  in  the 
filtered  spectrum. 


Comparative  .ResultS-tor  Metal  Targets.  Filtered  Spectrum 
Comparisons  are  made  of  the  present  measurements 
with  those  obtained  by  other  experimenters  (Figs.  40  and 
41)  .  Included  in  these  comparisons  are  the  predictions 
made  using  the  QUICKE  2M  code.  A  summary  of  comparisons 
of  previous  measurements  and  code  predictions  normalized 
with  respect  to  the  present  experimental  results  is 
given  in  Table  7. 

TABLE  7.  Comparison  of  Previous  Yield  Results 
and  Code  Prediction  Normalized  to 
Present  Experiment 
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FIGURE  40.  Experiment  and  Code  Comparisons 
Cu,  Filtered  Spectrum 
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Examination  of  Fig.  40  shows  general  agreement  among  the 
three  sets  of  experimental  results  for  copper  with 
similar  X-ray  spectra.  Relative  to  the  present 
measurements,  the  peak  yield  from  Bradford's  data  is  50% 
larger  and  shifted  approximately  1  keV  higher  in  energy. 
Dolan's  data  at  5  keV  shows  a  yield  23%  lower.  From 
Table  7,  the  integrated  reverse  emission  yields  from 
Bradford's  and  Dolan's  data  are  approximately  a  factor  2 
and  1.5  higher  than  the  present  measurements  over 
comparable  energy  intervals.  The  major  contribution  to 
these  yield  differences  occurs  at  electron  energies 
above  6  keV  (Bradford)  and  12  keV  (Dolan).  Comparison 
of  the  present  measurements  with  the  QUICKE  2M  calcula¬ 
tions  shows  excellent  agreement  from  approximately  1.5 
keV  to  10  keV.  The  code  predicts  a  sharp  increase  near 
the  1.1  keV  L-edge  which  is  not  observed  as  distinctly 
in  the  measured  distribution.  QUICKE  2M  predicts  an 
integrated  yield  42%  greater  than  observed  with  the 
major  contribution  being  at  electron  energies  greater 
than  10  keV.  Bradford's  results  for  integrated  yield 
are  approximately  40%  larger  than  predictions,  with 
QUICKE  2M  and  POEM  within  4%  agreement.  At  electron 
energies  above  5.0  keV  Dolan's  measurements  are  within 
4%  of  predictions,  with  agreement  among  QUICKE  2M, 
QUICKE  2  and  SANDYL  codes  better  than  1%. 
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Comparison  of  experimental  results  for  tantalum  are 
shown  in  Fig.  41.  Again  the  general  shapes  of  the  yield 
distributions  are  similar  with  their  peaks  occuring 
within  1  keV.  Bradford's  results  are  consistently  high; 
the  peak  yield  is  a  factor  of  two  larger  than  Dolan's 
results  and  the  present  measurements.  For  electron 
energies  greater  than  1  keV,  Bradford's  integrated  yield 
exceeds  the  present  measurements  by  a  factor  of  2.6. 
For  electron  energies  above  5.0  keV  Dolan's  results  for 
integrated  yield  are  a  factor  of  two  larger.  Comparison 
of  QUICKE  2M  predictions  with  the  present  experimental 
results  show  reasonable  agreement  but  stronger 
definition  of  absorption  edge  features  and  consistently 
higher  yields.  The  code  predicts  an  integrated  yield  a 
factor  of  2.1  larger  than  measured.  For  energies  above 
1.0  keV  Bradford's  integrated  yield  is  30%  higher  than 
predictions,  with  QUICKE  2M  and  POEM  within  6% 
agreement.  Above  5.0  keV,  Dolan's  results  agree  with  the 
average  of  the  QUICKE  2M,  QUICKE  2,  and  SANDYL 
predictions,  with  the  codes  agreeing  within  15%. 

A  summary  of  comparisons  of  previous  measurements 
(with  quoted  experimental  errors)  and  code  predictions 
with  the  present  experimental  results  is  given  in  Table 
8.  The  three  sets  of  experimental  data  ( EXPTL , 
BRADFORD,  and  DOLAN)  include  experimental  errors  of 
±30%,  ±20%  and  ±15%  respectively.  The  present 
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experimental  results  for  copper  (Eg  >  1.0  keV)  agree 
with  Bradford's  results  within  26%.  Predictions  made 
with  POEM  are  in  closer  agreement  (9%)  than  those  made 
with  QUICKE  2M  (17%).  For  Eg  >  5.0  keV  Dolan's  results 
and  the  present  measurements  agree  within  experimental 
error.  SANDYL  predicts  results  within  5%,  QUICKE  2M 
within  25%.  Bradford's  results  agree  within  15%. 

For  the  tantalum  target  (Eg  >  1.0  keV)  Bradford's 
results  are  57%  higher  than  the  present  measurements. 
The  POEM  predictions  are  43%  high  with  QUICKE  2M 
predictions  60%  high.  For  electrons  above  5  keV, 
Dolan's  results  are  29%  above  the  present  measurements 
and  Bradford's  results  are  66%  higher.  The  SANDYL 
predictions  exceed  the  present  measurements  by  20%. 
QUICKE  2M  predictions  are  high  by  74%. 

In  general,  for  the  filtered  spectrum,  agreement 
among  the  experimental  results  is  better  for  electron 
energies  above  5.0  keV.  Better  agreement  between  the 
present  experimental  results  and  code  predictions  are 
obtained  with  the  more  complex  codes  (POEM  or  SANDYL) 
than  with  QUICKE  2M.  With  the  exception  of  Bradford's 
results,  the  codes  tend  to  over  predict  the  measured 
quantities  with  QUICKE  2M  consistently  above  SANDYL  or 
POEM. 
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Spectrum 

Comparisons  are  made  between  the  measured  results 

and  predictions  using  QU1CKE  2M  for  aluminum,  copper, 

tantalum  and  lead  with  the  unfiltered  X-ray  spectrum. 

Based  on  the  acknowledged  omissions  in  the  physical 

model  used  in  this  code  (discussed  later  in  this 

section)  only  fair  agreement  with  experimental  results 

should  be  anticipated.  The  unfiltered  spectrum  will 

emphasize  interactions  in  an  energy  region  where  the 

deficiencies  are  most  important.  Figures  42  through  45 

show  the  energy  dependent  reverse  emission  yield 

integrated  over  2  ^  steradians  using  cose  angular 

dependence.  Table  9  compares  experimental  and 

calculated  energy  integrated  yield  at  0i  for  energies  Eg 

>  0.1  keV,  1.0  keV  and  5.0  keV.  The  experimental 

2 

quantum  yield  determined  by  cos  0  and  cos  0  angular 
dependence  is  also  compared  with  calculated  results. 
Unlike  the  results  for  the  filtered  spectrum, 
experimental  results  with  the  unfiltered  X  rays  are 
consistently  larger  than  the  predicted  results.  For 
electron  energies  greater  than  1.0  keV  the  ratios  of 
measured  differential  yield  at  0t  to  the  predicted  yield 
are  2.9,  1.4,  2.4  and  2.4  for  aluminum,  copper,  tantalum 
and  lead  respectively.  For  electron  energies  greater 
than  5.0  keV  the  ratios  are  2.5,  1.1,  2.8  and  2.6.  With 
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the  possible  exception  of  copper  the  agreement  is 
outside  the  estimated  ±30%  experimental  accuracy. 

As  noted  in  Section  I,  QUICKE  2M  treats  electron 
creation  from  Compton,  photoelectric  and  Auger  processes 
ignoring  secondary  photon  interactions  (Compton 
scattered  photons,  X-ray  fluorescence)  and  the 
generation  of  energetic  secondary  electrons  (knock-ons) 
caused  by  the  primary  photo,  Compton  and  Auger 
electrons.  For  the  X-ray  energies  used,  the  error 
introduced  by  ignoring  Compton  scattered  photons  and  the 
subsequent  generation  of  electrons  is  negliglible.  In 
aluminum  for  example,  the  Compton  cross  section  at  10 
keV  is  only  1%  of  the  photoelectric  cross  section  and  is 
even  smaller  for  higher  Z  materials.  X-ray  fluorescence 
in  aluminum  is  less  than  2%  of  the  Auger  yield  and  is 
also  of  negligible  importance.  Fluorescence  in  copper, 
tantalum  and  lead  can  account  for  some  increase  in  yield 
with  the  ratio  of  X-ray  fluorescence  to  Auger 
interactions  being  0.7,  0.3  and  0.7  for  copper 
(K-shell),  tantalum  (L-shell)  and  lead  (L-shell) 
respectively.  The  correction  would  not  be  applied  to 
the  total  yield  but  only  as  a  partial  contribution  to 
the  Auger  yield  since  the  resulting  electron  created  by 
photoelectric  absorption  of  the  fluorescent  X  ray  may  or 
may  not  be  emitted. 
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FIGURE  42.  Experiment/Code  Comparison; 
Al,  Unfiltered 
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FIGURE  44.  Experiment/Code  Comparison; 
Ta,  Unfiltered 
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Perhaps  of  more  significance  (but  difficult  to 
quantify)  is  the  contribution  to  the  yield  coming  from 
knock-on  secondary  electrons;  particularly  those  created 
near  the  emitting  surface.  These  secondaries  would  be 
created  as  a  result  of  the  multiple  scattering  and 
energy  loss  collisions  of  the  primary  electrons  and 
would  in  turn  become  a  source  for  additional  knock-on 
interactions.  Since  subsequent  collisions  of  these 
secondary,  tertiary,  etc.  electrons  result  in  energy 
loss,  their  contribution  can  be  important  only  if  they 
are  created  very  near  the  emission  surface.  This 
condition  is  most  nearly  satisfied  by  the  last 
interaction  of  an  electron  before  it  escapes  the 
surface.  The  yield  of  secondary  electrons  from  surfaces 
bombarded  by  energetic  electrons  can  be  a  few  tens  of 
percent  (=30%)  of  the  incident  primaries  for  normal 
incidence  bombardment  and  is  significantly  enhanced 
(factor  of  2  to  3)  for  grazing  incidence  conditions. 
The  emission  of  electrons  from  a  surface  exposed  to  X 
rays  can  be  thought  of  as  analogous  to  the  enhanced 
condition  since  the  last  interactions  of  escaping 
electrons  will  occur  near  the  surface.  Certainly  not 
all  the  knock-on  electrons  created  in  this  fashion  would 
escape.  But  assuming  they  are  generated  isotropically, 
approximately  half  could  contribute  to  the  yield.  These 
electrons  would  all  be  of  lower  energy  than  the 
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primaries  that  created  them  and  contribute  to  enhanced 
yield  at  energies  of  the  primaries  less  the  knock-on 
electron  binding  energy  and  subsequent  energy  losses 
prior  to  emission  from  the  surface.  This  argument,  if 
valid,  could  account  for  at  most  a  30  to  45%  increase  in 
yield.  Such  a  correction  applied  to  the  QUICKE  2M 
predictions  brings  them  to  within  10  to  40%  agreement 
with  the  lower  limit  of  the  experimental  values.  The 
validity  of  this  approach  has  limited  merit,  however; 
the  same  argument  applied  to  the  filtered  spectrum 
results  would  produce  a  correction  in  the  wrong 
direction  since  the  code  over  predicts  results  for  that 
case. 

Aside  from  the  lack  of  the  code's  consideration  of 
interactions  previously  discussed,  the  most  plausible 
explanation  for  the  divergence  of  measured  and  predicted 
results  is  the  acknowledged  deficiencies  in  the 
treatment  of  X-ray  and  electron  interactions  below  \<10 
keV;  a  situation  common  to  all  the  codes  discussed  in 
Section  I. 


Results. -far  Dielectric  Targets.  Unfiltered  Spectrum 

Differential  reverse  emission  yields  from  the 
dielectric  samples  were  shown  in  Figs.  29  through  35. 
These  materials  are  all  basically  low  Z  compounds  (Zeff  1 
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11)  and  as  a  result  their  quantum  efficiencies  are  quite 
low.  Consequently,  to  obtain  usable  count  rates,  only 
the  unfiltered  X-ray  spectrum  was  used.  The  impact  of 
the  low  emission  efficiency  is  seen  in  the  less  smooth 
behavior  of  the  differential  emission  curves  relative  to 
the  higher  Z  targets,  and  results  from  a  poorer 
signal-to-noise  ratio  in  the  detectors.  That  is,  with  a 
fixed  lower  limit  on  background  counts  the  data  from  low 
Z  targets  will  have  larger  relative  uncertainties  from 
background  subtraction.  As  stated  earlier,  the  exact 
composition  of  the  dielectric  samples  (with  the 
exception  of  Mylar)  was  unknown.  The  silica  cloth, 
Kevlar  and  solar  cell  cover  glass  are  basically  SiC>2 
compounds.  The  silica  cloth  is  a  woven  fabric  (which 
unduly  complicated  mounting  the  sample)  and  is  treated 
with  an  unknown  surface  coating.  Kevlar  is  similar  to 
fiberglass,  bonded  with  an  epoxy  resin  which  is  most 
likely  a  carbon  based  compound.  The  solar  cell  cover 
glass  contains  about  2%  (by  weight)  cerium  doping.  The 
thermal  control  paint.  Mylar  and  the  epoxy  samples  are 
carbon  compounds.  No  information  was  available  on  the 
paint  sample  and  the  epoxy  materials  were  from  company 
proprietary  samples.  The  composition  assumed  for  Mylar 
was  C1qH804  .  With  the  uncertainties  in  composition  of 
the  dielectric  samples,  calculations  of  the  reverse 
emission  yields  were  not  made  although  the  codes 
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generally  have  this  capability  if  the  constituent 
elements  and  their  relative  proportions  are  known. 

The  angular  dependence  of  the  yield  for  these  low  Z 
materials  (Fig.  38)  is  less  accurately  represented  by  a 
cosO  dependence  and  a  trend  toward  an  iostropic 
distribution  can  be  noted  from  the  data.  This  effect 
was  reported  by  Dolan  [10]  and  is  tentatively  explained 
on  the  basis  of  the  low  Z  materials  being  less  efficient 
in  multiple  scattering  of  electrons.  Less  than  complete 
multiple  scattering  would  imply  the  emitted  electrons 
would  retain  some  portion  of  the  angular  distribution 
from  the  photoelectric  interaction.  This  distribution 
is  peaked  at  right  angles  to  the  electric  vector  of  the 
incident  radiation.  That  is,  parallel  to  the  emitting 
surface  in  the  case  of  normal  X-ray  incidence.  Reliable 
interpretation  of  the  angular  distribution  is  hindered 
by  the  poorer  signal-to-noi se  ratio  achieved  with  the 
low  Z  materials.  In  some  cases  the  background  counts 
were  comparable  to  the  measured  emission,  particularly 
in  the  higher  emission  angles  channels.  The  effect  of 
reduced  signal-to-noise  is  seen  in  the  differential 
yield  curves  in  Section  IV. 

Figures  46  and  47  show  the  reverse  emission  yield 
energy  distributions  integrated  over  angle  with  cose 
dependence.  As  in  the  case  of  the  metals  discussed 
earlier,  features  attributable  to  the  photoelectric  and 
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FIGURE  46.  Measured  Yield  for  Cover  Glass, 

Silica  Cloth,  Thermal  Control  Paint 
and  Kevlar;  Unfiltered  Spectrum 
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Auger  processes  in  the  known  major  constituents  of  the 
sample  are  readily  apparent. 


Summary 

The  specific  objectives  of  this  effort  have  been 
met.  An  experimental  technique  has  been  developed  and 
successfully  used  in  the  measurement  of  X-ray  induced 
electron  emission  from  a  variety  of  materials  including 
a  group  of  significance  to  satellite  applications.  A 
data  base  has  been  established  which  extends  measured 
emission  characteristics  to  an  order  of  magnitude  lower 
energies  than  previously  available.  Direct  measurement 
of  the  angular  dependence  of  differential  yield 
distributions  has  been  made.  Total  yields  based  on 
these  measurements  have  been  compared  with  previous 
measurements  and  basic  computational  models.  Departure 
from  the  assumed  cos8  dependence  for  low  Z  materials  was 
noted.  The  quantum  yield  of  electrons  of  energy  between 
0.1  and  1.0  keV  has  been  shown  to  be  less  than  10%  of 
the  total  yield  for  all  materials  investigated  with  the 
X-ray  spectra  used  in  this  experiment.  Agreement  with 
data  from  previous  measurements  and  code  predictions 
using  a  filtered  X-ray  spectrum  is  generally  good  with 
exceptions  noted.  Comparison  of  the  experimental 
results  obtained  using  the  unfiltered  X-ray  spectrum 
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with  calculations  from  QUICKE  2M  highlight  a  deficiency 
in  the  code's  ability  to  predict  emission  yield  at  X-ray 
energies  below  10  keV.  The  predictions  ranged  from 
factors  of  2.6  to  1.5  below  measured  yields.  Only  a 
portion  of  this  is  attributable  to  not  including 
secondary  (knock-on)  electrons  in  the  computational 
model.  The  data  base  established  will  prove  useful  for 
comparison  of  other  computational  methods  and  further 
development  of  improved  models  of  the  X-ray  induced 
electron  emission  process. 

The  experimental  apparatus  and  measurement 
technique  represent  a  powerful  tool  for  direct 
measurement  of  emission  parameters.  The  present 
configuration  can  easily  be  used  to  measure  the  yield  of 
low  energy  (<100  eV)  "true"  secondary  electrons.  The 
spectrograph  is  readily  adaptable  to  measurement  of 
forward  as  well  as  reverse  electron  emission  and  with 
more  extensive  modifications  could  be  employed  with  an 
X-ray  tube  operating  in  a  common  vacuum  environment. 
This  eliminates  the  need  for  a  "window"  between  the 
X-ray  source  and  target,  thereby  significantly  enhancing 
the  flux  of  low  energy  X  rays.  Improvements  in  the 
accuracy  require  detailed  measurement  of  the  energy 
response  of  the  detectors — an  effort  not  undertaken  for 
the  current  experiment. 


124 


APPENDIX  A 


DIFFERENTIAL  EMISSION  YIELD  EQUATION 

Consider  a  differential  target  element  of  area  dxdz 
located  at  position  (0,0,0)  in  the  spectrograph  and 
uniformly  illuminated  by  normal  incidence  X  rays  of  flux 
$ .  'Mxdz  is  the  number  of  X  rays  which  strike  the 
differential  element.  The  differential  electron  yield 
G(E,^)  is  the  number  of  electrons  per  unit  area  per  unit 
flux  emitted  into  the  solid  angle  dft  in  the  energy 
interval  dE.  If  >7(x,E)  is  the  solid  angle  viewed  by  the 
k*"*1  detector  the  number  of  electrons  N (E)  of  energy  E  in 
dE  reaching  the  detector  from  the  target  element  is 
given  by 

dN,  (E)  =  <tdxdz  f  G(E,3)d$dE  (Al) 

With  reasonable  restriction  on  the  energy  and  angular 
resolution  of  the  spectrograph  (i.e.,  the  measurement 
technique  selects  energy  and  angle  increments  which  are 
small  relative  to  the  functional  variation  in  energy  and 
emission  angle),  G(E,&)  is  approximately  constant  and 
equal  to  G (E, 9^) .  Therefore,  equation  Al  reduces  to 

dNR(E)  =  $  dxdz  G(E,6k)ftk(x,E)dE  (A2) 
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The  solid  angle  for  the  kth  detector  is  defined  by  the 
area  of  the  primary  aperture  positioned  at  S^/2  along 

the  electron  path  from  the  target  to  the  detector.  From 
Section  II  the  height  of  the  primary  is  h  and  the 

r 

angular  width  is  A6(x,p).  From  Table  3  (Section  II),  AO 
is  relatively  insensitive  to  x  over  the  target 

dimensions  and  ftk(x,E)  can  be  expressed  as 

h  A0  (p) 

J2.  (P)  =  —2 -  (A3) 

V2 

To  express  equation  Al  as  a  function  of  P  a  change 
of  variable  is  required.  From  the  following  equations 


E  =  me2  -  m0c2 

(A*l ) 

p  =  mv  =  eBp 

(AS) 

mg 

m  /  /v\2  N** 

(A6) 

V  '(c)  ) 

The 

energy  of  the  emitted  electron  can  be  written 

as 

E  =  [(m0c2)2  +  (ec)  2  (Bp)  2  ]  '^2  -  m0c2 

(A7) 

The 

change  in  variable  becomes 

— =  eBcS 

(A8) 

dp 

Where  6  =  v/c  and  equation  Al  then  reduces  to 

dN^(p)  =  ({idxdz  G(E,0jt)fljt(p)  eBcBdp 

(A9) 
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Substituting  for  i^(p)  and  integrating  over  the  target 
of  width  w_  and  height  h_,  equation  A9  becomes 

5  5 

h  A9  ( p ) 

dN,  (p)  =  $w  h  G  (E,  0,  ) — 2 — * -  (A10) 

k  s  s  k  s^/2 

To  integrate  over  p  the  following  quantity  is  defined 


Ar  =  J  A8k(p)dp 


(All) 


and  used  in  equation  A10  to  give 

h 

N,  =  <{>w  h  G  (E,  0,  )  — 2 —  a  eBcB 
k  S  S  *  Sk/2 


(A12 ) 


A  further  simplification  of  this  equation  is 
obtained  by  expressing  eBcB  in  terms  of  the 
dimensionless  quantity  a  =  — - — .  From  equations  A4  and 
A6  it  follows  that 


eBc3 


m°c2  a  (a  +  2) 

p  a  +  1 


(A13) 


Hence , 


Nk  =  ♦w8hsG(o'0k) 


np  m0c 


V2 


P  o 


a  (a  +  2 ) 
a  +  1 


(A14) 


Solving  for  G(a,9.  )  yields 

J\ 


O(a,0kl  = 


\  V2  1 


P  0 


a  +  1 


(A15 ) 


hwh  A,  m0c2a(a  +  2) 

S  S  p  K 
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The  equivalence  with  equation  20,  Section  IV, 
(independent  of  the  detector  efficiency  corrections)  can 
be  seen  by  noting  that 


(A16 ) 


(A17) 
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APPENDIX  B 


EXPERIMENTAL  DATA 

This  appendix  contains  14  sets  of  experimental 
electron  emission  data  from  12  materials.  For  each  set, 
three  tables  of  data  are  included.  (a)  Corrected 
background  in  each  channel  as  a  function  of  magnetic 
field  strength,  (b)  electron  counts  in  each  channel 
(with  "error")  as  a  function  of  magnetic  field  strength 
and  X  rays  incident  on  target  and  (c)  differential 
electron  yield  (electrons/photons  keV  sr)  as  a  function 
of  electron  energy.  Detector  efficiency  and  energy 
integrated  differential  yield  are  also  included. 

LIST  OF  TABLES 
a  =  Corrected  Background 

b  =  Electron  Counts  with  Error,  X-ray  Counts 
c  =  Differential  Yield,  Detector  Efficiency,  Energy 
Integrated  Yield 
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TABLE  B  1(a) 

Copper,  Filtered  Spectrum 
Corrected  Background 
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BKG4 

3.0 

29. 

0. 

9. 
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11. 

11. 
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10. 
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16. 
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16. 

14. 

9. 

10.8 
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13. 

12. 

7. 

12.6 

91. 

58. 

49. 

39. 

14.0 

71. 

39. 

29. 

26. 

15.5 

72. 

30. 
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26. 
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62. 

28. 
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25. 
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7. 

11. 

15. 
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■BLE  B  1(b) 
Filtered  Spectrum 


o 

o 

« 

• 

• 

» 

• 

• 

• 

• 

• 

• 

• 

» 

• 

• 

• 

» 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

CN 

fO 

X 

co 

o 

CD 

<n 

X 

^P 

CO 

rH 

CD 

o 

rH 

CD 

<D 

o 

rH 

o 

X 

X 

CO 

CN 

CD 

X 

r* 

o 

X 

^P 

CN 

X 

<n 

CN 

rH 

n 

X 

in 

in 

n 

X 

rH 

r- 

CO 

r** 

CD 

CN 

^P 

CN 

CD 

CO 

X 

*P 

rH 

X 

x 

<-H 

r- 

n 

rH 

O 

o 

in 

O 

o 

r* 

X 

o 

in 

rH 

CN 

n 

X 

*r 

rH 

X 

rH 

X 

n 

a 

CO 

P- 

CD 

n 

X 

<P 

<d* 

^P 

^p 

<P 

in 

<p 

CN 

rH 

X 

r- 

in 

in 

<D 

CO 

O 

rp 

CN 

o 

X 

o 

rH 

o 

CD 

X 

X 

X 

2 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

X 

in 

<* 

CO 

CN 

CN 

CN 

>H 

rH 

rH 

rH 

rH 

X 

O 

1  >« 

vO 

in 

LD 

^p 

X 

X 

PH 

CO 

rH 

o 

X 

r* 

X 

^P 

CO 

n 

n 

CO 

n 

n 

CO 

X 

r» 

X 

r** 

X 

ininCDM^'fCOir)rlHl^CO^^(^H(MH^nHOHHH(N 

n  CN  H  H  H  N  X  ^  ^  H  «H  rH  CM  CN  *P 


nN^v0O\fiin^i/)h(N(N(NNOOOOHfl\O^OO(NOH 


HHHCO(DCOCOO^,3,CO’JH(NHHhOOHCO^H(DCOOinHH 

cNCM<N<NrHcorH^,c^cNCNiHr*®x<DrHr-r-'*xxa,>cNr*'*»-H^,x 

f—i  rH  rH  rH  rH  rH  rH  rH 


<-h  cocNCN*p^rco<pr'XXr-'XxcNOC“''*<pcocN<N 


vornr^p^coco(T>0<y>o>roir)un^)cor*^Dr^r-cDoo<T»o<T»a>o^HrH^H 

NMNMMNtNNINMNINntNINnnnn 


rHco<NrHcoonnconr^xin<TicNXOO>*j,xcoxr^ocNXcocN 

(N^in^o^mifl^mvonc^^ino'Nfl'H^CHOMifiin 

<pnnxf^xxxxr'*r'-xxxxcD;D<7»<D 


ou">oinomco<y>moov£Ou,><N«-HOO*HrH(N<v''ir>aoHv£Ov£(NiT\ 

fOM^^i^in^h{j)O(N^ints‘C0ff»o^^'y'^inv03)iT'HO),T  l n 

HHHHHHHfNfM^fN(N(N(N(N(NfOnr  rH 


131 


I 


^♦cNoo^r^'r'Om^’r^cofNr*' 

mpnrHLnvD(^^p(T>oor'v£)^ 

r-^rH^Lnvr^HOrHCO^^a> 

ooco^OrH^rcoo^vDr-^mLn 

HHHHM^CDvD^O 


r-cocor'^DCoo^o^^coinr^ 


O<T»»H<T>mvDr0t-ifNOC0rH<T> 

inm^^romcoocNh^Hn 


oiCNCNfNromroiD^rr'fHmm 


<T»o>coin^r<N<T'p'Or'0*H^ 

iH*HlHrH«— If— |lH<Nf-HCNr— I 


vOinvOvo<d,p*vQv0^or'*or*-pr> 


fHmo<JNvo^T(r»voo>rncNr-rH 

incNininoco^^^inco^ 

CMCNCNCNCNCNCNCNCNCN 


mroromrommromniHrH 


vDvor,^r-*p^^OvDi/iinO'H^iri 

^CT>^^»CN(T»(T>^0^0^<N 


r-vsvor^aoHifiHr^in^inrN 


r^o^roincoo^moOrH^r^ 


132 


TABLE  B  1(c) 

Copper,  Filtered  Spectrum 

Differential  Yield,  Detector  Efficiency,  Energy  Integrated  Yield 
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TABLE  B  1(c)  continued 
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TABLE  B  2(a) 

Tantalum,  Filtered  Spectrum 
Corrected  Background 
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TABLE  B  2(b) 

Tantalum,  Filtered  Spectrum 
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Tantalum,  Filtered  Spectrum 
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TABLE  B  3 (a) 
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TABLE  B  3(b) 

Magnesium,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-Ray  Counts 
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TABLE  B  3(c) 

Magnesium,  Unfiltered  Spectrum 

Differential  Yield,  Detector  Efficiency,  Energy  Integrated  Yield 
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TABLE  B  4(b) 

Aluminum,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-Ray  Counts 
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TABLE  B  4(c)  continued 
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Copper,  Unfiltered  Spectrum 
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TABLE  B  5(b) 

Copper,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-Ray  Counts 
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Tantalum,  Unfiltered  Spectrum 


Q 

«, 

O 

O 

O 

rH 

\ 

'd' 

W 

TJ 

rH 

<D 

O 

•H 

O 

X 

O 

rH 

TJ 

\ 

a> 

« 

■u 

aJ 

e> 

U 

a> 

<U 

■M 

0 

c 

Oi 

M 

0 

rH 

X 

\ 

tn 

* 

u 

m 

Q) 

U 

C 

M 

O 

X 

O 

O 

O 

G 

rH 

a> 

\ 

•H 

* 

U 

m 

•»H 

O 

u-» 

U-t 

w 

0 

M 

0 

0 

0 

■M 

rH 

O 

\ 

a> 

« 

4J 

CN 

a> 

w 

a 

* 

TJ 

0 

rH 

0 

<l> 

0 

•H 

rH 

X 

\ 

CN 

O 

•H 

4J 

G 

O 

O 

M 

O 

<U 

O 

<4H 

rH 

«W 

\ 

*H 

» 

O 

rH 

u 

0 

0 

0 

OOOir>coco,3,fN<T>ir»O(y)CN^4OcNCN<Nr-'rHir>romv0OOOO 

(OCHNCOOnnOl'O^COtN^inH'DHinO’I'ajH^^ODOH 

rrOr-r^coxcocor^p^vomLn^rrnmcNcNrHrHOOOCOr^OOin 

<7»o0>o>a>o>a>o<7»<y»os<y)oo>ooc7>oo<r>ococoaococococo 

CO!\H^^lO'Droh(N^(NHLnnHCNr-l^a)^n(DCOrHO^^ 

r-»«HcoOLno,>aOi-HOOC')a>aor,-r-*rs'r'-r-‘vov£^Ov£tn<sr*j,ro<NH 

Tff0f0r0(NrH*-HrHrHrHOOOOOOOOOOOOOCC‘OOO 

5  000000000000  o  o  ©  o  o 


co^Hcoa)OOMr'jin^inin(NCO^^'^',f^^O(s*coH^i^H 

rOf-ifHcor,-inmcN(Ti<j\cM<NmopHOcNvGr,,*ocNOr*Lncor*inm 

O^Hinr^cNCOrH'Hrsiro^^LnmcoOrHCNmrooocNCD^coo^r 

nCNlfnrj(NHNH-HHHHHHrHr|(NOJN(N(N(NNHHOOO 


(N^oor^oo^^coro^rrHtDrvjvDCOvOu^u^^roLnocor^^ocM 

OCOrovDOi^CTkLnnocMrHOOOGOXCOCOOCOCO^OLn^rrnrvjOv) 

in^'srmrOCM-HrHrHrHrMr-iOOOOOOOOOOOOOCOO 

ooooooooocoooooooooooooooooo 


HO)(NrrOCNJ'CO(N^iO(^1'O^H^HHOOM3WNO)fy1lnO^ 
y£lfO(OCNO^^^nOH^  ^lN'-<\0(NOH^OH^l/)(Nini'^ 
r^r-coaococNrpO(Nr-icNO(NO<rimaocNOOOQoO(NrHcor«-»co 
t^vOvDin^Trmrommmrommro^Ti'ininmLninintTm^HiHO 


o<NmLnovor^r^rHOv^^D(y»vomrH^oocr«oorH»Hrr<N(NinrH 

(N^cNCOLnor^^trncNOOcocooococoGOaor^r^p'vDiD^mojoj 

•<TP-»rO<N<N<NrHrHrHrHMOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOOOOOOOOOOCO 


vcmmroco<TtO>cooinri'<3*ao<'o^o<Nror-corHcNr,,'-a)(T‘aoc\i<N 

Or-OOrn'Tro^rorMf^ctnor-coi^OromOOOOror'OLn 

o>t-»r*"mQO^,^i'fH^'LncNroro(r»iAO>LnoNmp^rHOvOvoco<v5Lr)«H 


ifirHfO(N^<,r>tf,>a5OfyiinvGrM<T»oor''‘^r-r'-r-i/>o<'oc0O<"ocDin 

^(NOCD,t',iHO'^cos^^inininin^ini/)i/,iin<fron(NHH 

<N<NCNrHrHrHrHOOOOOOOOOOOOOOOOOOOOO 

>00000000000000000 


oocNCO(NO<y>oinir)iDHcN(Nr^ooOOOOCO»HOrocNinrnr^r- 

COOOCOOr-^OrMun^OOifiOroOf-IOCOOOrHcorocOLnroin 

(J)(y)lDinOi/1^^(N<JnO('N(DCl}^O£rir,'(TilN(N^HC0OlJ'’J 

^ri/>inm^r^,^r^ir>inir>ir>inmvOP'COaoch<y*oocor'<y<,nrHrH 


Hi'CD(Nuii'^fSiAroh(OO^a)a)(NCDO^ONfsjinH'Oi^(j' 

rH*HrHtN<Nm^rvOcoO(Nir)^rocO'Hmoomr'Ojr^mo>r^^,ro(N 

r-»~Hr-4f-4rM<N<ncr>ro,3*TymmOvOr^OOOO 


TABLE  B  6(c)  continued 


o 

o 

o 

IH 

NJ 

•<* 

o 


O 


w 


o 


CJ 


ooo^(NCDa\fl\nco^o 
coocvir'-inor-un^rcji-io 
^CNiN-Hi— tOOOOOOO 

oooooooooooo 


Or-^roMOOf^O^rrocNCN 

r-H-Hr-jrHrSCOOOOOO 

ooooooooococ 

ocoooooooccc 


V0C0O\0^(Nl/1^(NHC(N 

'3'C0NC0(T'HvDH^rr(NH 

r-'Ln'tyrnrvjcNr-i-HOOOO 

oooooooooooo 


MfH^H^HOOOOOOOO 

OOOOOOOOOOOO 

OOOOOOOOOOOO 


OrsJOrH^rcNLDCO^GOrOrH 

Orror^r^ooOcNCOmcNH 

OOOOOOOOOOOO 


(NH^COr'fl^r^MNHH 
«— lr-40000000000 
OOOOOOOOOOOO 
OOOOOOOOOOOO 


COmmO^TO^'-HOOOrH 

(Ninr'Hr'Tfrr'sO^iDfNH 

rH<^r^\fi^rncNMOCOO 

OOOOOOOOOOOO 


^pOOrOrHOvO^TOOtNCO 

^i/WDlNflO^r^TJ'COfOHH 


(N^i/liflCOOfN^hO^ 

HOOOOcNCNfNOirnrn 


X  00 

O  CN 


g 

w 


O 

9  ^ 

a  co 
2  o 
w  • 


(N 

a 

vn 

ij  Is* 
<  VD 

s  * 


£  in 
O  m 
a!  in 
«  o 
63  ■ 


j 

i 

1 

i 


) 


159 


f 

l 


TABLE  B  7 (a) 

Lead,  Unfiltered  Spectrum 
Corrected  Background 


B, GAUSS 

BKG1 

BKG2 

BKG3 

BKG4 

3.5 

17. 

17. 

15. 

13. 

4.0 

15. 

15. 

13. 

12. 

4.5 

13. 

14. 

12. 

12. 

5.0 

16. 

16. 

11. 

12. 

5.8 

11. 

13. 

14. 

17. 

6.8 

18. 

16. 

10. 

14. 

7.9 

17. 

15. 

10. 

15. 

8.8 

24. 

19. 

17. 

16. 

9.8 

25. 

16. 

13. 

13. 

10.8 

28. 

14. 

14. 

14. 

12.0 

26. 

15. 

15. 

13. 

13.3 

28. 

20. 

14. 

10. 

14.7 

35. 

15. 

12. 

13. 

16.3 

47. 

19. 

13. 

16. 

18.1 

44. 

21. 

21. 

20. 

19.0 

57. 

22. 

21. 

19. 

20.0 

69. 

22. 

21. 

18. 

21.0 

72. 

29. 

18. 

20. 

22.1 

90. 

27. 

25. 

27. 

23.2 

94. 

33. 

28. 

28. 

24.3 

98. 

39. 

32. 

30. 

25.1 

95. 

35. 

37. 

26. 

25.5 

96. 

36. 

38. 

26. 

26.8 

91. 

35. 

40. 

20. 

28.1 

71. 

26. 

36. 

35. 

29.6 

62. 

27. 

22. 

25. 

31.0 

34. 

15. 

24. 

19. 

32.6 

28. 

14. 

20. 

13. 

34.2 

20. 

16. 

12. 

12. 

35.9 

22. 

11. 

11. 

12. 

37.7 

15. 

9. 

11. 

13. 

39.6 

16. 

11. 

12. 

10. 

41.6 

11. 

7. 

11. 

13. 

43.7 

10. 

7. 

9. 

12. 

45.8 

9. 

6 . 

6. 

11. 

48.1 

8. 

7. 

7. 

10. 

50.5 

8. 

7. 

8. 

9. 

53.1 

6 . 

8. 

7. 

6. 

55.7 

4. 

8. 

6 . 

4. 

58.5 

4. 

6 . 

5. 

6 . 

61.4 

5. 

4. 

5. 

8. 

160 


TABLE  B  7(b) 

Lead,  llnfiltered  Spectrum 


TABLE  B  7 (b)  continued 


^’TLnn^fN^Hjir'  or^ 
incotTi^i/'^HO-,  ~  uo  cm 


nO^fNO'DH'Ti^ 

Tf«jnnrnrMfNHH 


^mnHOMnnnnMco 
^rcoin(Noco\D^n(\H 
(N  H  H  H  H 


W 


r'r-^comco^O'Tc^Ln 


(NCNp^mmfvjocofMoor- 

fOOCOOO^fNHCOiDHOJ 

^(Nconco^H^^irntNH 

n  (M  (M  H  H  H 


hO^^^^coHHninh 

HO^CDhvOlD^^noiH 


co  r*»  cm  \o  kO 

r*  vo  co  <n  <*  ^ 

vD  O  co  r--  ro 

n  o  co  ^  in  tj> 


o  r* 
o  co 
■^P  vD 
CO  CM 


CO  CO  rr  H 
O  H  ro  O 
h  H  kO  ro 


C'^vOiO>COHinH[NLn'q' 


inh^Hfnincoo^incoH 

mnfnf^rr^inminin^ 


‘ABLE  B  7  (c) 
Unfiltered  Spectrum 


OkD^mo^coco^ino^tN^vO(Ni(NiN>HLnrr^Lno  j'T'  o 
^NtNCOnMHCO^Oina^'fiAH^HinOI'OXHI'^COO 
rpor-r*oococor^r'r^vDLnir)^mrn(Nr'j^H^HOO<T*CT»cor'vD'X5 
oo<T>c^:^a''^c^cr>c^oa''^oc^cr>j>^oo^^a^cocococo:oco 


^f\ojco^nH^^r'HO^^^ron^co<0^oj(^nc3o^^ 

fNfNvpvD'HO^u^^r^rcNCN'HcT'COr'r-r-vD^o^^^LnLn^r^rnfN 

Lrt^mmrsjf-^rH'-H^rHrHMOOOOOOOOOOOOOOOO 

oooooooooooooooooooooooooooo 


cn  un  o  oo  •— i\Dr'COor^U'CDr^co^^'r,*^0(T'is(T\HO(TtCDnin 

cx)r'0>o^uncca>cooocJ>Lnoc-\](T\^^cocNj(Ttvi)^!^oo^Lr) 

a>'Hcoc^^LnocNr^Lnc>covDLnr^^r^^DXooocor^^T(Nr'rna> 

^,^,iYl,3,(N(N!N(NfN(N(N(N(NtNtN(Nf\l(N(Nn(N(N(NfM(NHHO 


OLTivOCD'Tr'i/^r^rMr^^co^rcoovO^^'-Hr^^ror^'HuOvD^fN 

0,J<riT'CO^(^vDO,;3',3,(NH(Ti^COCOCOCD(s'ls(s'^^Ul^'(r'fO 

r^Ln^rmcNfN^H»H'H^H^Hr-4rHooooooooooooooo 

ooooooooooocooo 


•noror-ifi*— f^r'-or'-^r'-r'-cotNc^ooro^ro^o^^^r'-co.-H 
LnromfNc7i^D^DO'^>TT^COOT'T3,r:J,COrHOCr'r^(T'COOO^ri'T^H 
v£)r-4p'p'or^*-*rv'^3'CNr-ic\i<T>r^^rr>^oo^'^,rncovDfHir»'^>x>o 
(NOCOCO^^i/i^'^i/i'fi'.oininiAi/iini/i^vDvOininin'TmojtN 


M,OHhOOOr"rs^HinonOM^'Y1OM¥'O^0'O^ffl 
GOo^,rnmcr»'^vD,^(^fNCNoa>cocor'r-r^r^vovD'Din^p^,<v>fN 
^•^•romcNrHi— iiH«HrH»H»— ir-lOOOOOOOOOOOOOOO 

oooooooooooooooooooooooooooo 


<Tir-Hir>(No<NvOcNCOtHcoomcooovO(T'LncNv0r,'‘CNLnincNo-’* 

Hinr'MCOinvOfl^^OCOONfN^^01NOHO,T,rtN\D(NOH 

'j*inhN'i'\oa\incooco^cooHHH^onoMOfSino(N^ 

0>corscovOLOi/i^^rs!v-cor“rNrssrx[srvcocDcor'fs-<DiD<jro(N 


inrOCO^'fiinHinO^^CNNH^^ntNOCOiD^MCO^CO^ff' 

^rrofl'^MHOO^cocOh^min^ininTT^Tfi'nrofNMH 

<N<N(NrH^HfHrHrH*HOOOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOO 


coifl^ci,iAoo^^^,v,,^coin(NvDinvOin'T^oo>^oj'T 
rj*  ^  VO  CO  o^>OvfiOrs'O^OOOOfHnr<DfNr-Or^C*s*CO^fNO 
in»fl(NHHH1,HOinUlOlrlHlynM^O^CO^^^O^COfl>CO 
COr^r^COOOOr'COCO(T'C^OCOXCOCOO(T>OOCOCOr^0^^rN 


H«JCO(NOHinCOi/'^Is'DO,rCOCOfMCOOTTO,;T^fN^^^Ln 

rH^^(MrnTTi/^vOCOO(NLr)c>rr'®'-^LncOfv^r^cNLnr'^(T'r^rr^ 

^H(-HrHrHfNCsimmr^^r<«TiniDin^o^r-(DO 


TABLE  B  7(c)  continued 


r 


in^rnHojico^^roHdir" 

coxcococor-r'r-r^r-r'vD^o 


rominroHoco^innnrjH 

CMr-4fHrHrH—40000000 

ooooooooooooo 

ooooooooooooo 


^OC\C^'<D(T^^r><D^OCO<QC^)^OCD 

coodJCOfococi^r^HnHo 

vDiOcoCNCNr-irHOOOOOO 

OOOOOOOOOOOOO 


m^r^TptNoor^vo^T^^N^N 

CNCNrHrH^H^HOOOOOOO 

OOOOOOOOOOOOO 

OOOOOOOOOOOOO 


«T^)H(N(NH^rO!J)^OiniD 

OO^TCNO*-»fNOOOCNr^lDfNrH 

(NOP^m^rOCNpH^HOOOO 

•-I^HOOOOOOOOOOO 


(MrH^rH'HOOOOOOOO 

OOOOOOOOOOOOO 

OOOOOOOOOOOOO 


^ONvD(J)r*'vOHfninincohin 

vommr^op'OOO^roo^rrN^H 

Tf<NOOvOinmfN<NfHOOOO 

-H^OOOOOOOOOOO 


Lnmoor'OLn^rrncNtN^HrH 

rHfHrHOOOOOOOOOO 

OOOOOOOOOOOOO 

ooooooooooooo 


vOr-(T'r-'<’orv,)r-»mir)(^ofN<T 

04f^,-HfH<y)r^rj'^,voo*sO^^H 

co^pooom^r^fN^HOOOO 

rHr^fHOOOOOOOOOO 


Ol'HO^HvO^'THOtNCO 

(NniACOMCO'T^’TCOrOHH 


OHf'inm^ooiN’Thon 


BKG4 


TABLE  B  8(a) 

Cover  Glass,  Unfiltered  Spectrum 
Corrected  Background 


3,  GAUSS 

BKG1 

BKG2 

BKG3 

BKG4 

3.5 

19. 

0. 

8. 

8. 

4.5 

14. 

15. 

12. 

12. 

5.3 

20. 

17. 

12. 

13. 

5.8 

11. 

13. 

14. 

16. 

6.5 

15. 

19. 

10. 

14. 

7.2 

21. 

15. 

11. 

14. 

7.9 

18. 

16. 

11. 

16. 

8.8 

25. 

20. 

18. 

17. 

9.8 

25. 

17. 

14. 

14. 

10.8 

29. 

15. 

14. 

15. 

12.0 

26. 

15. 

15. 

13. 

13.3 

28. 

19. 

14. 

10. 

14.7 

36. 

15. 

12. 

13. 

16.3 

47. 

19. 

13. 

16. 

18.1 

44. 

21. 

21. 

20. 

20.0 

73. 

23. 

22. 

19. 

21.0 

74. 

30. 

18. 

20. 

22.1 

91. 

28. 

25. 

28. 

23.2 

92. 

33. 

27. 

28. 

24.0 

92. 

40. 

28. 

27. 

24.5 

99. 

39. 

33. 

30. 

25.0 

108. 

39. 

38. 

34. 

25.5 

102. 

38. 

40. 

28. 

26.0 

101. 

38. 

39. 

27. 

26.8 

95. 

37. 

42. 

21. 

28.1 

74. 

28. 

37. 

36. 

29.0 

69. 

28. 

30. 

31. 

29.6 

65. 

28. 

23. 

26. 

31.0 

36. 

16. 

26. 

20. 

34.2 

21. 

17. 

13. 

13. 

37.7 

16. 

10. 

12. 

14. 

41.6 

11. 

7. 

12. 

14. 

45.8 

10. 

7. 

7. 

12. 

50.5 

9. 

8. 

9. 

10. 

165 


lBLE  B  8(b) 
Unfiltered  Spectrum 


o 

o 

o 

o 

<— f 
X 

X 

z 


rr^rntrnHfNH 

(NMCNtNCNMCNCS 


i-H  03  r-f  rH  C"-  rH  1  r~ 

rocNCOMfOOH^ 

O^ncNCOr'vD^ 

CNCN(NCN(N!NfNN 


rOOO^COtDOLn 

mmrnxr-m^r^ 

min^inm^vOin 

(NCNICNCNCNCNfNCM 


1 


rnmLn^Tunr‘r^inooiv*cO(T»rHcNmr*'r^r^oo<y»(TvOO^ 

HHHrlrlHHHHWtNM 


C 

3 

o 

u 

>1 

u 

i 

X 


n 
o 

Vi 
VI 
W 

.c 

•VI 
•H 

3 

■o'  2 
«  C 

(TJ  rj 

^  o 

O  o 


Vi 

<U 

> 

0 

o 


»HtDrr»«-<^mr-ror^O’vOOCNvfl(N^,cOvDCNto^i,«H^j,o 

rH  rHmiNH^'tLDhO^^^^^OHtNhCOO 


mininvocor-*cor'*ooo<NinvD<yitNcoLnvor'r'’»cooor^ 

HHHHHrHHCN(NCNCN(NtN(NCNCN 


»-<'vDmr'r'^^ra>OCN^TmrHCTN'vDmcNO,d,'^)(T>cOr-*cM 

HHfN'd'roinoicoco^nfNinm^^co^^coJNfOo 

fHCNrMcorr^mvDvDvorvr'r^ 


nHv0Tj'inp'COco(rvrH<Nminaooo'’>^)uir'<yifHtfiooo 

HHHHH(N(N(N(N(NO)n(Njnnm 


H^H(NvOvOHOO(?CO(N(NnO'5CV^{nr'(N(NOCO'l 
rH  HOJtyiiimOHtJ'OOOO^HrtO’TM^rOiil 
fHrH^HfNro^invjDvOr^CO^OOGOCOCO 


CO^OM^^^'flOO^OmO^Hl'iPCDOOflMSCO 

HHHHHH(N(Noiron^^inininin^\oininin 


i 

] 


L 


mmmrj'fHa^vD(NvOfHr^o»-*mvOOC'jr'r^fH(N(NrH^o 

rfvpr*rMp«»co,«y<^r*cDvo^r-iunrHo^rfMrHinoo^r^'c\ 

HHHMMnnmofNuiHinco^cN^rrn^fN 

HHMfSMtNfOnronW^ 


z 


inmrnaomfN^cocoooorot^rn^oo^cNOinoino 

forrmu*>voi^p«'CO(T»ocNron»v<oaoo^(Npnrt^«inLnvo 

HHHHHH(N(N(N(NfMNNM(N 


166 


TABLE  B  8 (b)  continued 


LD^OLnvDLOtOLOvDvD^ 

r4fN|(NMM(N(NCN(NM 


r-Ho^cor'rrcsiocQr^^r 

CN  rH  H  *-»  «H  ^ 


cNrnr'O^r-'O^^’^^ 

OHX^h^vri/in 
'T  n  tN  fN  H  H 


co^rOrHcOLO^-HOr- 

(NtN(N](NH^HHH 


vDCD^^HOlD^COM 

^(NCOn^^M^HCO^ 

hin^^tNNHH 


HinrOH^vD^fCN^vO 

ntNCNlNHHHH 


crior^rHr-s^r^ro>fN^N 

fNOCT»mroincornr->m 

{Hvo^<rmoJriH 


^OOQM^^rHvOHVDH 

LTl^^nrOPIfNOjHH 


^•HOrOtNrorsjrn^O 

O>(\lACD^Hc0ni^H 
O^h^H^vD^TfNH 
n  M  H  H  H 


coH<j\vOorMr-voo3in 


MrgtNMrOrOmrjTfir) 


TABLE  B  8(c) 


o 

X 

05 

o 

o 

X 

X 

05 

m 

o 

05 

CM 

X 

CM 

CM 

r* 

rH 

X 

X 

X 

X 

p* 

in 

X 

X 

X 

x 

CM 

O 

ro 

ro 

X 

O 

in 

X 

CM 

*3* 

n 

X 

*H 

in 

o 

X 

X 

o 

X 

in 

X 

X 

X 

05 

CO 

00 

00 

X 

r- 

P* 

p* 

X 

in 

in 

X 

CM 

CM 

rH 

rH 

o 

o 

o 

X 

X 

X 

X 

p~ 

r* 

x 

x 

05 

05 

05 

05 

X 

05 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

O 

O 

o 

o 

(—4 

\ 


or-xininr-r^rMXT3,in^xrMr''OxmmxxxxxpMr-^)un 
cmo^o^X^om^xxxxxcmxcm'  ')CN(N(mcnin^hhh 
OrHOOOOOOOOOOOOOOO  oooooooooo 

oooooooooooooooooo  oooooooooo 


SI  : 


O 

o 

o 

m 

X 

o 

X 

X 

CM 

T3 

rH 

rH 

O 

in 

CM 

\ 

o 

o 

o 

a; 

■H 

5h 

TJ* 

HOhOHijjinn 

(NninHCNuuno) 

OtNrrnHrtCNlN 

oooooooo 


MrroCOrOfOTTOiO 

oooooooo  o 


O^rOHOJ^COCOO 

cMXXP'-^TrHr-in 

oooooooo 


x  r-  «-h  x  X  ^3*  co 

H  vfl  TJ*  lA  vD  ^  'T 

o  O  o  o  O  O  o 

O  O  O  O  o  o  o 


in  x  c  o  o  cm  x 

Ol  (O  (A  fO  M  (A  M 

o  o  o  o  o  o  o 

o  o  o  o  o  o  o 


X  X  m  ^  <T  CM  «-* 

(N  (N  CM  (N  (N  P4  CN 

O  o  O  O  O  O  o 

o  o  o  o  o  o  o 


rH  O  X  X  «T  X  CM 

CN  CN  r(  H  H  H  H 

O  O  O  O  o  O  O 

O  O  O  O  O  O  O 


o 

o 

X 

p* 

X 

o 

X 

n 

o 

X 

X 

rH 

o 

X 

CM 

X 

\ 

o 

o 

o 

o 

o 

X 

O 

inxXOXXO«-H 

XXXX0MOXX 

(NCOHromnn^ 

OOOOOOOO 


inx^^xor- 
vo  tn  ^  m  ch 

tj  ia  in  in  o  m 
O  O  O  O  O  o  o 


CMOXXOC-r**X 

r-r-^rHxxxm 

ininmminror\j(N 

oooooooo 


in  H  (N  H  MA  O) 

(N  rf  o  (N  CN  m  (N 

O  O  O  o  o  o  O 

O  O  O  O  O  o  o 


in  o  P*  *1*  X 

oj  n  m  (N  CN  CM  Ol 

o  o  o  o  o  o  o 

o  o  o  o  o  o  o 


h  o  co  r-  r-  in 

CN  (N  H  H  rl  H  rl 

O  o  o  O  O  O  o 

O  O  O  O  O  O  O 


in  ^  ^  X  o  X  03 

rH  »— *  (— (  r— (  i-H  O  O 

o  O  O  O  O  O  O 

O  O  O  O  O  O  O 


CM 

pa 


o 

O 

o 

rH 

\ 


in  rH  o  x  X  O  X 

cm  x  rH  o  r>  X  x 

o  (N  o  h  h  m  m 

o  O  O  o  o  o  o 


o  x  x  in  x  r-- 

cm  x  o  o  in  cn  x 

cm  x  x  x  x 

o  o  o  o  o  o  o 


H  rl  i£)  o  co  ^ 

x  o  in  r-  x  cm  rr 

■^r  m  tt  n 

o  o  o  o  o  o  o 


x  o  *h  x  X  X  x 

in  H  H  H  •?  (Ji  iO 

^  T  'J  ^  (N  H  H 

o  o  o  o  o  o  o 


CM 

o 


o 

o 

X 

CM 

rH 

X 

o 

X 

X 

X 

rH 

o 

o 

O 

o 

\ 

o 

o 

o 

o 

rH 

m 

^  (J1  CD  (N  CO  O' 

X  CM  CM  CM  CM  *H 

o  o  o  o  o  o 

o  o  o  o  o  o 


o  o  x  oo  c-  m 

(N  m  H  rl  H  H 

o  o  o  o  o  o 
o  o  o  o  o  o 


m  ^  x  ro  cm  *h 

rl  H  M  H  rl  rH 

o  o  o  o  o  o 
o  o  o  o  o  o 


»H  rH  O  00  X  X 
«H  rH  rH  O  O  O 

o  o  O  o  o  o 
o  o  o  o  o  o 


o 

o 

o 

rH 

\ 


iO  o  ^  h  ^  cn  in 

CO  c-r  o  cm  VO  cm  in 

rr  n  n  m*  ^  ’t  ^ 

o  o  o  o  o  o  o 


O'  <N  CO  01  CO  co 

^  in  oi  r'  h  r*"  h 

ci  n  ifl  O  r' 

o  o  o  o  o  o  o 


co  CO  CM  o  CN  r-T  co 

O  co  cj  r*'  co  M* 

oo  r*  co  f"  p-  p*  p~ 

O  o  o  o  o  o  o 


rO  vD  r*  H  M*  Cl  (N 

p"-  cm  cm  in  o  r**  cm 

i0  O  ^  m  m  in  m 

o  o  o  o  o  o  o 


4 


o 


r-<a)inoC'iDincoinciC'OO^cocMooo^TC‘®ocMincMino^< 

^^HrMroco^TinoooonJinaNcoaomcocor^ocMinpv(^ro<7iTrr^ 


rHrH»HiHCMCMcoro^r^Tinininmin\Dv0C'r^ 


168 


o 

o 

rH 

CN 

r- 

n 

CN 

o 

in 

<T» 

co 

CN 

rH 

o 

rH 

•H 

O 

o 

o 

O 

O 

x 

\ 

o 

o 

O 

O 

o 

O 

Q 

o> 

• 

• 

• 

• 

• 

• 

OS 

rH 

X 

o 

o 

W 

O 

o 

<n 

n 

co 

CN 

rH 

o 

o 

o 

o 

O 

O 

O 

O 

*-H 

o 

o 

o 

o 

o 

o 

\ 

o 

o 

o 

o 

o 

o 

.-3 

co 

* 

• 

• 

• 

• 

• 

• 

< 

in 

co 

Ph 

CO 

u 

5 

Eh 

* 

o 

o 

vO 

o 

CO 

o 

X 

i O 

o 

lD 

o 

vO 

CO 

CN 

rH 

O 

r- 

rH 

rH 

rH 

O 

o 

o 

o 

X 

rH 

\ 

o 

o 

o 

o 

o 

o 

X 

o 

*»■ 

• 

• 

• 

• 

• 

w 

ro 

o 

CO 

o 

o 

00 

o 

vO 

co 

CN 

rH 

rH 

o 

o 

O 

O 

o 

o 

o 

o 

J 

•O' 

rH 

o 

O 

o 

o 

o 

o 

< 

\ 

o 

o 

o 

o 

o 

o 

§H 

o 

CN 

Eh 

W 

in 

o 

X 

o 

m 

in 

as 

co 

n 

Q 

rH 

o 

rH 

TT 

CN 

rH 

o 

O 

rH 

rH 

o 

o 

O 

O 

o 

X 

\ 

o 

o 

o 

o 

o 

o 

w 

CN 

o 

CN 

CO 

o 

o 

in 

o 

in 

co 

<N 

CN 

rH 

rH 

j 

CO 

o 

o 

O 

o 

O 

O 

o 

< 

« 

rH 

o 

O 

o 

o 

o 

o 

E" 

\ 

o 

O 

o 

o 

o 

o 

O 

• 

• 

• 

• 

• 

• 

Eh 

rH 

M 

X 

CN 

o 

Q 

CN 

o 

vO 

vO 

vO 

co 

r* 

X 

o 

m 

o 

vO 

CO 

rH 

o 

3 

O 

rH 

rH 

rH 

O 

O 

O 

o 

w 

\ 

o 

O 

o 

o 

O 

o 

rH 

u 

rH 

o 

as 

r- 

> 

vO 

0> 

rH 

co 

vO 

rJ 

a 

CN 

uo 

CN 

2 

in 

CO 

o 

CN 

in 

CO 

CN 

s 

Cd 

rH 

rH 

rH 

rH 

CN 

E- 

TABLE  B  9(a) 

Silica  Cloth,  Unfiltered  Spectrum 
Corrected  Background 
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TABLE  B  9(b) 

Silica  Cloth,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-ray  Counts 
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Cloth,  Unfiltered  Spectrum 
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Thermal  Control  Paint,  Unfiltered  Spectrum 
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TABLE  B  10(b)  continued 


TABLE  B  10(c) 

Thermal  Control  Paint,  Unfiltered  Spectrum 
Differential  Yield,  Detector  Efficiency,  Energy  Integrated  Yield 
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TABLE  B  11(a) 

Kevlar,  Unfiltered  Spectrum 
Corrected  Background 
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-ABLE  B  11(b) 
Unfiltered  Spectrum 
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TABLE  B  11 (b)  continued 
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TABLE  B  11(c) 

Kevlar,  Unfiltered  Spectrum 

Differential  yield.  Detector  Efficiency,  Energy  Integrated  Yield 
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TABLE  B  11(c)  continued 
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TABLE  B  12(a) 

Mylar,  Unfiltered  Spectrum 
Corrected  Background 
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TABLE  B  12(b) 

Mylar,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-Ray  Counts 
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TABLE  B  12(c) 

Mylar,  Unfiltered  Spectrum 
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TABLE  B  13  (a) 

Nonconducting  Epoxy,  Unfiltered  Spectrum 
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TABLE  B  13(b) 

Nonconducting  Epoxy,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-Ray  Counts 
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TABLE  B  13(b)  continued 


TABLE  B  13(c) 

Nonconducting  Epoxy,  Unfiltered  Spectrum 
Differential  Yield,  Detector  Efficiency,  Energy  Integrated  Yield 
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TABLE  B  13(c)  continued 


o 

o  o  o 

o  o  o 

r*  o  o 

x  o  o 


o 

o  o  o 
o  o  o 
<H  O  O 
■X  o  o 


o 

o  o  o 

o  a  a 

r-t  O  O 

x  a  o 


o 

o  o  o 

Q  Q  O 

ri  O  O 

\  o  o 


o 

o  oo 
0(0  0 
o  o 
o  o 


o 

o  o  o 

o  o  o 

ri  O  O 

o  o 


o 

§o  o 

2  2 
ft  o  o 
\  o  o 


o 

o  o  o 

o  o  o 

r-t  O  o 

X  o  o 


194 


TABLE  B  14(a) 

Conducting  Epoxy,  Unfiltered  Spectrum 
Corrected  Background 
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TABLE  B  14(b) 

Conducting  Epoxy,  Unfiltered  Spectrum 
Electron  Counts  with  Error,  X-Ray  Counts 
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TABLE  B  14(c) 

Conducting  Epoxy,  Unfiltered  Spectrum 
Differential  Yield,  Detector  Efficiency,  Energy  Integrated  Yield 
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